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ANNOTATION 


_ In the book: 'Solar Cosmic Rays "by L. I. Dorman and L. I. 
Miroshnichenko,. voluminous experimental data on solar cosmic 
vays obtained during 1942-1967 with the. help of ground apparatus 
for continuous recording of cosmic rays (neutron monitors, ioni- 
zation chambers, scintillation telescopes) have been systematized 
and analyzed, Stratospheric data and the data gathered from sa- 
tellite and_ rocket -borne instrements have also been investigated 
in this book. 


Main attention has been focussed on the problems of gener- 
ation and propagation of solar cosmic rays, In particular, the 
question regarding the form of representation of energy spectrum 
of solar particles (power and exponential function of rigidity) has 
been examined in detail and the dependence of diffusion coefficient 
on eis of the particles and distance from the Sun has been dis- 
cusse 


A separate chapter has been devoted to certain problems oy 
physics of solar flares and generation of cosmic: rays on the Sun. 
Among other things, the possibility of forecasting flares emitting 
fluxes of energetic particles has been discussed, The problems 
of protection from solar flare protons during flights of astronauts 
have been dealt with ina separate section. In 'Conclusion!' some 
experimental and theoretical problems related to further study of 
solar cosmic rays have been bointed out. 


CONTENTS 


FOREWORD 
INTRODUCTION 


CHAPTER I. SOLAR COSMIC RAYS AS A SOURCE 
OF INFORMATION ON ELECTRO- 
MSGNETIC STATE OF THE SOLAR 
SYSTEM 


1. Historical Review 


.1 First four flares of cosmic rays 

.2 February 23, 1956 flare 

.3 Study of flares from the data of the world 
network of stations and stratospheric 
Measurements 

1.4 Various methods of detecting solar particles 


=~ 


2. Methods of Studying Solar Cosmic Rays 


2.1 Determination of spectrum in different energy 
ranges 

2.2 Barometric effect of neutron component during 
flares 

2.3 Analytical method of studying the flares 

2.4 Some peculiarities of equipment for recording 
solar cosmic rays 


3. Sensitivity of Solar Particles to Physical Conditions 
in the Cosmic Space 


3.1 Nuclear reactions 
3.2 Tonization losses 


iv 


28 
30 


Collision of solar particles with magnetic clouds 
Effectcodf-drift 

Acceleration of solar particles in the inter- 
planetary space _ 

Solar cosmic rays and local cut-off rigidities 

in the geomagnetic field 


“Shock zones for solar particles in the geomag - 


netic field 

Transformation of energy spectrum and 
nuclear corriposition of solar particles in the 
process of diffusion 


CHAPTER Il. GEOPHYSICAL EFFECT OF SOLAR 


COSMIC RAYS 


4. Solar Cosmic Rays and Radiation Belts of the Earth 


5. 


CHAPTER UI, 


8, 


9. 


Effect of Solar Cosmic Rays on Atmosphere 


Absorption of short radio waves 

Polar-glow aurora. 

Generation of y-radiation in the upper layers 
of the atmosphere 

Solar cosmic rays and isotopic composition 
of air 


The Nature of the Effect of Small Flares of Cosmic 
Rays 


Possibility of Collective Invasion of Solar Cosmic 
Rays into the Earth's Magnetosphere 


SITION AND TIME VARIATIONS OF 
SOLAR COSMIC RAYS 


Energy Spectrum 


8,1 
8. 2 


Peculiarities of the spectrum 


‘Form of the spectrum 


Composition of Solar Cosmic Rays 


32 


41 


46 
46 
48 


48 
65 


67 


69 


71 


76 


ENERGY SPECTRUM, NUCLEAR COMPO- 


84 


84 


84 
8& 


109 


10, 


11. 


12. 


9.1 Distribution of solar nuclei according to 
charge and their spectra depending upon 
the energy and rigidity 

-2 Maltiple-charged nuclei 

-3 Isotopic composition of solar nuclei 

-4 Increase inthe intensity of heavy nuclei 


© 0 0 


The Variations of Solar Particles 


10.1 General characteristics of time variations 

10,2 Results of the analysis of different cases 

10.3 Flares in July 1961 

10.4 Flares during the end of 1961 and in subse- 
quent years 

10.5 T.ransport of solar particles in magnetic 
traps of corpuscular beams 

10.6 Classification of increase in the intensity of 
cosmic rays 


Solar Cosmic Rays and Background of Low- 
Energy Particles in the Interplanetary Space 


11.1 Experimental data on low-energy solar 
protons 

11.2 Possibility of accumulation of solar particles 
in the interplanetary space 


Solar Flares and Luminescence of the Moon and 
the Mercury 


12.1 Luminescence of the Moon 
12.2 Possible effect of luminescence of the Mercury 
12.3 Fossible mechanisms of Lunar luminescence 


CHAPTER IV. PROPAGATION OF SOLAR COSMIC 


13, 


RAYS IN THE INTERPLANETARY SPACE 


Solar Cosmic Rays and Magnetic Fields in the 
Interplanetary Space 


13.1 Possible role of interstellar field 
13.2 Movement of solar particles in quasiradial 
magnetic field 


111 
117 


129 


142 
154 
154 
156 
162 
166 
178 


180 


185 


185 


209 


221 
221 


224 
225 


227 


227 
227 


230 


Anisotropy of solar particles from ground data 
Direct measurements of interplanetary field 


Measurement of anisotropy in the interplanetary 


13. 3 


14. Diffusion Model of the Propagation of Solar Cosmic 


space 


Motion of solar particles in irregular mag- 
netic fields 


Rays 


14,1 


Applicability of diffusion approximation 


Diffusion equation 
Elementary diffusion model 


Dimensions of the region being studied from the 


data on solar cosmic rays 


Rate of diffusion 


14, 2 


14. 3 


14. 4 


14.5 


14.6 


Diffusion equation and nature of diffusion 
medium 


Possibility of the existence of magnetic bound- 
" ary of the diffusion region 


Dependence of diffusion coefficient on the 
energy of particles and the irregularity 
spectrum of the interplanetary magnetic field 
Dependence of diffusion coefficient on the 
degree of solar activity 

Dependence of diffusion coefficient on dis ~ 
tance from the Sun 


Preliminary estimates 

Solution of generalized diffusion equation 
Analysis of observation data 

Dependence of 8 on & 

Interpretation of the dependence X(r) 

Dependence €(r) and properties of the source 


14.7 
14, 8 
14.9 


Spectrum of solar particles in the source 
Duration of emission of solar particles 
Consideration of motion of magnetic irregu- 
larities 


15. Some Modifications of the Diffusion Model 


230 
231 


233 


244 


264 
264 


266 
268 


269 
272 
273 


276 


283 
295 
298 


298 
299 
306 
308 
318 
321 
323 
336 


347 


350 


15.1 Anisotropic diffusion 350 


15.2 Source of finite dimensions 352 
15.3 Dependence ofthe effect of flares on their 
heliocoordinates 353 
15.4 Anisotropy of solar particles in diffusion 
approximation 355 
15.5 Time variation of solar particles and geometry 
of diffusion process 356 


15.6 Diffusion model for the initial stage ofa flare 358 
16. Kinetic Model ; 365 
16.1 Statistical study of anisotropic diffusion 365 


16.2 Transport equation for solar particles and 
consideration of the effect of regular inter- 


planetary field 367 

16.3 Kinetic equation in Fokker-Planck approxi- ; 
mation 373 
Basic equation 374 
Spherically symmetrical flare 376 
Axisymmetrical flare 378 
Comparison with observations 379 


16. 4 Determination of characteristics of the 
interplanetary magnetic field from anisotropic 


stage of a flare 381 
May 4, 1960 flare 385 
November 12, 1960 flare 385 
November 15, 1966 flare 386 
February 23, 1956 flare 386 
16.5 Boltzmann's equation 391 
16.6 Motion of cosmic particles in an arbitrary 
magnetic field 395 


CHAPTER V. SOME PROBLEMS OF THE PHYSICS 
OF SOLAR FLARES AND GENERATION. 
OF COSMIC RAYS ON THE SUN 404 


17. Observations and Classification of Solar Flares 404 


17.1 Peculiarities of active regions and origin 

of flares 404 
17.2 Radio and Xsray radiation of flares 410 
17.3 Peculiarities of flares generating cosmic rays 415 
17.4 Relation of the amplitude and time variation 

of solar particles with the characteristics 

of chromospheric flares, Forbush effects 

and: geomagnetic storms 421 


18. Theoretical Interpretation of Phenomena in 
Solar Flares 427 


19. Characteristic Features of the Spectrum and 
Composition of Solar Particles and Acceleration 


Mechanisms 438 

20- Acceleration Mechanisms 446 
20.1 Injection mechanisms 446 
20.2 Basic acceleration 447 
21. Nuclear Processes in Chromospheric Flares 460 
22. Electron Component of Solar Cosmic Rays 466 
22.1 Experimental data on solar electrons 466 
22.2 Propagation of solar electrons 475 
23. Possibility of Generation of Neutrons on the Sun 479 


24. Generation of Cosmic Rays on the Sun and Problem 
of Local Origin of Low-Energy Component of 


Cosmic Rays 490 
25. Solar Cosmic Rays and Radiation Danger 494 
CONCLUDING REMARKS 507 


LITERATURE 510 


FOREWORD. 


The investigations on the problems of physics of the 
Sun, solar and terrestrial relationships and interplanetary 
Space have achieved great importance during the past 10-15 
years. It is sufficient to mention the discovery of radiation belts, 
solar wind, interplanetary magnetic field, etc. Direct measure- 
ments of plasma, particles and fields in the interplanetary space 
are attaining a systematic nature, Moreover, method and 
technology of terrestrial recording of phenomena associated with. 
the Sun are being improved, 


The dynamic nature of phenomena occurring in the inter- 
planetary medium is getting more and more theoretical and 
experimentally based nowadays. The theoretical and experi- 
mentally based nowadays. The interest in the dynamic processes 
in the interplanetary space is increasing because of itS impact 
on wider problem of solar-terrestrial relationships. As is well 
known, the Sun is a source of different types of electromagnetic 
and corpuscular radiations. The electromagnetic radiation 
propagates from the Sun in straight lines and has an effect only 
on the ionosphere and upper layers of the Earth's atmoaphere. 
Corpuscular radiation mainly consists of protons and electrons 
and, therefore, has a strong effect on theterrestrial and inter-- 
planetary magnetic fields. 

Corpuscular radiation of the-Sun can be classified into 
two major divisions depending upon the energy of the particles. 
The first type includes the solar wind representing a continuous. 
stream of protons (with equal amount of electrons for keeping 
the stream electrically neutral) in the energy range of the 
order of kev, The average velocity of quiet solar wind is 
approximately equal to 300 km/sec while after powerful chro- 
mospheric flares, it can go up to 2000 km/sec. During flares, 
often high-energy protons (second class of corpuscular radiation) 


Which are usually known as solar cosmic rays due to their great 
resemblance with cosmic rays of galactic origin are emitted. 
These protons can have an energy at the Ear th's orbit of the 
order of 10-9 - 10-8 erg/cm, This value is comparable to 

the density of energy of quiet solar wind and inter planetary 
magnetic field and is approximately 3-4 orders higher than the 
density of galactic cosmic rays. From the dynamic point of 
view, solar cosmic rays can be mostly considered as individual, 
independently moving particles. But at large dimensions of the 
interplanetary space, they can be considered as a liquid or gas 
related to interplanetary magnetic fields just like the gas of 
galactic’ cosmic rays in the interstellar medium. 


This monograph deals with the mechanism of generation 
of particles of 106-1010 ey energy on the Sun, their propagation 
through interplanetary space and the result of their interaction 
with the Earth's atmosphere. The scope and content of this 
Monograph are detailed in the table of contents. Although, at 
present, generation and propagation of solar cosmic rays is 
known only in general terms, many important problems remain 
unsolved even up to this time. Hence, the authors tried to 
collect in thé book the existing information on solar cosmic rays 
to the maximum extent and also include the bibliography on 
related problems wherever necessary. However, the list of 
references cannot be considered to be complete and, therefore, 
in case of necessity, the readers are advised to refer to the 
original articles on special problems. , 


Numerous experimental data collected’on solar cosmic 
rays and its analysis on the ‘basis of the latest developments of 
cosmic electrodynamics and physics of plasma have offered much: 
valuable information about the processes on the Sun, in the inter- 
planetary space and the Earth's environment, Thus, solar cos- 
mic rays became a very sensitive tool for study ing many cos- 
mophysical phenomena. The present state of these problems 
enables us to expect that further achievement are pos sible in 
this field in the near future. The importance of the study of 
solar cosmic rays is increasing every year owing to the necessity 
of safeguarding astronauts from solar radiations during their 
flights around the Earth, to the Moon, the Mars and other planets 
of the solar system. 


The authors take this é6pportunity to express their deep gra- 
titude to E.L. Feinberg and S.B. Pikelner for their interest 
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and valuable suggestions and also to S.N. Vernov, V.L. Ginz- 
burg, S.I, Syrovatskii, M.A. Livshits, N.S. Kaminer, G.F. 
Krymskii, A.A. Korchak, T.N. Charakhchyan, A.Z. Dolginov, 
LN, Toptygin and V.L Shishov for valuable discussion on a 
number of problems, considered in the book. 


December 1967 L.I.Dorman, L.I.Miroshnichenko 


iii 


INTRODUCTION . 


The study of solar cosmic rays has achieved great 
importance for solving a number of problems of astrophysics, 
solar physics and geophysics. 


Solar cosmic rays are particles. ‘(mainly protons) accelera~ 
5 

ted on the Sun and having anenergyE B& 104 ~ 10 ev/nucleon. 
These particles move in the interplane ee Space independent ~ 
of each other in contrast to Pane particles of solar wind and 
corpuscular beams with ES 104 - 10° ev/nucleon which consti- 
tute plasma and conform to the equations of magnetoh ydrodyna - 
mics.* Energy spectrum of solar cosmic rays is very Steep. 
Their composition is characterized by practically complete 
absence of light nuclei. The entire solar system can be the 
region of propagation of solar particles. Ih some cases, intensi- 
ty of their energy at the Earth's orbit is cornparable to the in- 
tensity of the kinetic energy of plasma and the intensity of 
energy of interplanetary magnetic fields. 


The study of solar cosmic rays is important, particu- 
larly, for evaluating the role of stars in géneral, generation 
of cosmic radiation and also mainly, for the investigation of the 
mechanisms of acceleration of particles under cosmic conditions. 
(viz., intensity of the flux of accelerated particles, their energy 
Spectrum, composition of the nuclei, time variations, etc.). 


Up till now, a vast amount of observational data has been 
accumulated on solar cosmic rays in different energy intervals 
with the help of different measuring equipments. inclusive of 
satellite-borne instruments-and cosmic rockets. Detailed data 
on energy spectrum, nuclear composition and other characteris- 


* The lower limit of the energy af solar cosmic vays is lentotine. Mos! 
probably, there ts a gradual transition from the spectrum of plasma porti- 

. Cles lo the spectrum of higher ~energy particles, i.e., particles af solar 
cosmic rays (see Sections 7, 8). _ 


tics of solar cosmic rays were obtained as a result of these 
meaSurements. 


Some of the earlier results of investigations on cosmic 
rays published before 1963 were systematized in L. I. 
Dorman's book [1.2] and were partially analyzed within 
the framework of the general problem of variations. How-~ 
ever, the increasing tempo of investigations and widening of the 
field of problems involved enable to consider the study of solar 
cosmic rays as an important independent problem. The entire 
complex of processes can be divided into the following four 
groups: (i) The mechanisms of injection, acceleration and exit 
of accelerated particles from the region of chromospheric flares; 
(ii) the mechanisms of propagation of solar cosmic rays in the 
interplanetary space (viz. diffusion of particles in irregular 
magnetic fields, capture in magnetic traps, drifting and convec- 
tive transfer); (iii) the processes relating to the passage of 
Solar cosmic rays in the geomagnetic field (namely, formation 
of shock zones, effect of latitude, probable capture of solar parti- 
cles in the circumterrestrial magnetic trap, collective invasion 
in magnetosphere, interaction with the Earth's variable magnetic 
field); (iv) interaction of solar cosmic rays with the Earth's 
atmosphere (additional ionization of the lower ionosphere, 
nuclear cascade processes ‘in atmosphere). 


As mentioned earlier, observation of solar cosmic rays 
is a sensitive tool for studying the electromagnetic conditions 
and processes in the Sun's atmosphere, interplanetary space 
and in the Earth's environment. Very valuable information about 
the mechanisms of acceleration on the Sun, direction and intensi- 
ty of interplanetary magnetic fields, magnetic traps of. solar 
particles and structure of the interplanetary medium in general, 
was obtained from the data on high-energy solar particles much 
before the advent of rocket and satellite-borne techniques. In 
particular, the study of time variation of solar particles duning 
the great flare of February 23, 1956 led to the assumption of 
the existence of irregularities in the interplanetary magnetic 
field and also made it possible to approximately estimate the in-~ 
tensity and geometry of this field. Later on, direct measure- 
ments in the interplanetary space confirmed the results obtained 
from the flares, At present, it is beyond doubt that electromag- 
netic field in interplanetary space is one of the basic factors 
determining Space and time distribution of solar cosmic rays 
near the Earth's orbit. 
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«i Théere:is dso. another. important:aspe ctoof-this: problem,: 
namely, ‘safety’ from ‘solar: radiation of the:crew -ofsa’space ship « 
during solar flares. In principle, the necéssary thickness of=::: 
protective screens (shields) can be determined on the basis of the 
existing:data on the-magnitude and:-duration of flares;“and also 
by: taking. into: account: the.spectrum of:solar cosmi¢ rays. How- 
ever, empirical calculations show: that safety measures: taken 
by. using. sufficiently thick shields cam lead’ to a considerable* < ~ 
increase in weight of spaceships (e-g. in order to ensure the * © 
safety of flight during a flare of the type observed on February 
23, 1956, a shield weighing about 3.79 tons is nécessary). In 
order to make the: space flights more safe, reliable criteria “': 
should be developed for forecasting the dangerous chromospheric 
flares: which generate cosmic rays, Also, one-should be able to 
predict in advance the magnitude of, the flux of solar-particles, ° 
and the nature of: their propagation dur ing their’ passage through 
the interplanetary space. In order to‘achieve'thé above” ~ ~~ 
objective, thorough and systematic investigation of the nature 
of solar Be HvaEy, and: wolat cosmic’ isa shoals be underteken- 

ro stern has. een made in this 1 monog Sriiph? to compile z 
the-available.experimental data on solar cosmic rays‘and to 
interpret these on: the basis of modern concepts of electro- 
magnetic processes. on the Sun; in the Inteeplenet ey space and 
in the. ores ig SRE ai 

ae historical review of the study of solar: ecamic™ rays” 
is dowaribed. in Chapter L The sensitivity of different types of | 
solar particles to physical conditions in the solar atmosphere, : 
interplanetary space and the Earth's surroundings are also 
considered, .A special Section is devoted to experimental details 
and,-the methods; of: ese esa of f eolae® repent: aoa : io 

‘Geophysical effects of ‘ealaw cosmic rays-- relation with 
radiation belts, effect on ionosphere and isotopic composition 
of air, possible interaction of solar particles with the Earth's 
magnetosphere and other effects -- are considered br iefly in 
Chapter IL 


Chapter Il is devoted to evaluation of the latest experi-. 
mental data on energy spectrum, nuclear composition and time 
variations in flux of solar cosmic rays on the basis of measure- 
ments on the Earth's surface, in stratosphere and cosmic 
space. The possibility of accumulation of low-energy solar 
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particles in the solar system is considered. The probable 
relation between solar flares and luminescence of the Moon and 
the Mercury is described. 


Propagation of solar cosmic rays in the interplanetary 
Space is analyzed in Chapter IV. Movement of solar particles 
in quasiregular and irregular fields of interplanetary space is 
considered. Different aspects of the elementary diffusion model 
are analyzed in detail and a kinetic model is descr ibed. 


Some of the problems concerning the physics of solar 
flares and generation of cosmic rays on the Sun are considered 
in Chapter V. Peculiarities of chromospheric flares associated 
with considerable increases in the flux of cosmic rays on the 
Earth-are described and the possibilities of forecasting such 
events are discussed, A close relation between emission of 
fast particles and solar radio emission of type IV is pointed 
out. Modern theoretical concepts af the mechanisms of origin 
of solar flares, mechanisms of injection of particles, and. the 
.concepts of possible nuclear processes on the Sun are, considered, 
Information on solar electrons and neutrons is very much 
necessary for a proper understanding of these processes because 
the generation of these particles on the Sun and their propagation 
through the interplanetary space have a number of peculiarities 
as compared to protons. The existing experimental data on fast 
solar electrons and the possibilities of detecting solar neutrons 
are described in Chapter V. A special Section is devoted to 
the problems of safety of astronauts from protons during solar 
flares. 

The important results have been summarized in the 
Chapter on concluding remarks and some of the problems and 
aspects of the study of solar cosmic rays have also been outlined. 


CHAPTER I 


SOLAR COSMIC RAYS AS A SOURCE OF INFORMATION 
ON ELECTROMAGNETIC STATE OF THE SOLAR 
SYSTEM 


1. HSTORICAL REVIEW 


i.L First four flares of cosmic rays. The study of solar 


cosmic rays has a history of about 25 years. The first four 
flares of cosmic rays were recorded on February 28, 1942; 
March 7, 1942; July 25, 1946 and on November 19, 1949. The 
data obtained were not sufficiently complete since the flares 
were recorded by only a small number of stations equipped with 
instruments intended mainly for the measurement of the p- 
meson component. Even during these first earlier obServations 
attention was paid to the correlation between cosmic ray flares 
and some other solar and geophysical phenomena, For 
example, during February 28, 1942 outburst, a chromospheric 
flare was observed for 3 “/2 hours on the Sun. Simultaneously 
with the above, there was short-wave radio blackout on the 
Earth and an extremely large geomagnetic storm followed after 
about 24 hours. The increase in the intensity of cosmic rays 
on March 7, 1942 was also, most probably, caused by the solar 
flare Since this increase was also accompanied by a blackout of 
radio communication, The solar flare was not observed ; 
visually, The cosmic ray outburst on July 25, 1946, was also 
caused by a bright chromospheric flare, and was later on 
followed by a geomagnetic storm, A chromospheric flare was 
also observed during November 19, 1949 outburst. 


In spite of scantiness of the initial data, at least on its 
basis, it was possible to obtain preliminary information on the 
spectrum of solar particles, their motion in the interplanetary 
and terrestrial magnetic fields and about the mechanisms of 
generation and emission of cosmic rays from solar atmosphere, 
Ih particular, it was established that the particles ejected during 
all the above four flares were charged and had an energy of 
Ex £107 ev. The magnitude of the outburst was found to be 
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considerably dependent on the coordinates of the observing 
Station. The upper limit of the Sun's general magnetic field 
(H & 2 gauss) and of the field of galactic sleeve, in which lies 
the solar system (H Z2x 10-6 gauss) were determined. The 
differential spectrum of solar particles from November 19, 
1949, February 28 and March 7, 1942 flares has been found to 
be of the form €-4 = ¢& -5 (it was not possible to determine 
the spectrum for July 15, 1946 flare due to inadequate experi- 
mental data). The size of the emitting region ( > 1010 cm) and 
the total number of accelerated particles ( ~ 1034), were 
determined for November 19, 1949 flare. These results are 
well in conformity with the statistical mechanism of accelera- 
tion Suggested by Fermi. The data on the first four flares are 
systematically described in the book by L,I. Dorman [1]. 


1.2. February 23, 1956 flare. The most powerful of all 


the coSmic ray flares observed up to this time took place on 
February 23, 1956, It was recorded by a large number of 
stations equipped with different instruments and as a rule, 
meant for recording various secondary components of cosmic 
rays [1,2]. 


Experimental observation have revealed that for this 
flare during the initial stages, there was not only a Strong ani- 
sotropy of incident radiation but alsoa relatively large difference 
(™ 10 minutes) in the beginning of the increase of intensity at 
different places on the Earth's surface. The delay of 10 minutes 
corresponds to the difference in the order of energy of different 
particles and cannot be due to differences in the sensitivity of 
instruments, According to List and Simpson [3], the propaga- 
tion time of the particles in the geomagnetic field is of the order 
of 0.1 second. Therefore, it is natural to relate the observed 
large difference in the delay to the propagation time of parti- 
cles from the Sun to the Earth, A similar effect was also 
observed during November 19, 1949 flare event. It is worth 
mentioning that on February 23, 1956, the intensity of cosmic 
rays reached the maximum value (about 50 times the normal 
intensity of neutron component at sea level) in about 10 minutes 
after the commencement of the sudden outburst. After about 
an hour, the flux of solar particles started decreasing approxi- 
mately following the law ~ t~3/2 (time is counted from the 
commencement of the outburst). 
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ELECTROMAGNETIC CONDITIONS IN SOLAR SYSTEM 


A number of models have been suggested by Meyer et al. 
[4], L.1 Dorman [5] and Brown [6] to explain these facts. They 
were all based on the assumption of the existence of disorderly 
magnetic fields in the interplanetary space in which diffusion of 
‘particles takes place. This basic assumption, put forward in 
one or another form, is an inseparable part of all the modern 
models of propagation of solar cosmic rays. 


Meyer et al, [4] suggested that around the Sun and the 
Earth, there is a spherical cavity of thickness 1,4 a.u. in 
which the intensity of the magnetic field H is of the order of 
H < 10-5 gauss. This cavity is surrounded by a region of 
disorderly field (H ~ 10-5 gauss) of thickness 5 a.u. Beyond 
it, there is the orderly field of galactic sleeve with H ~ 10-5 
gauss, A part of the cosmic rays generated during flare is 
propagated directly towards the Earth. The other part, re- 
flected from the region of disorderly field, reaches the Earth 
in the form of a scattered beam with some time lag. [If the. 
transport range for scattering in the disorderly field is Apz1o 
cm, the intensity of cosmic rays will decrease within the 
cavity according to the law ~ t-3/2 because of diffusion of 
par ticles from the cavity free from magnetic field, into the 
interstellar space through the region of the disorderly field. In 
addition to the model of Meyer et al. [4], Brown [6] suggested 
that the scattering of particles within the cavity due to turbulent 
magnetic fields frozen in the solar corpuscular beams should 
also be considered. 
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L.I. Dorman [1,5] assumed that the solar particles 
diffuse in whole of the space between the Sun and the Earth. 
In order to conform to experimental observations, it is neces~- 
sary to assume the value of transport range as A < 1013 cm. 
It is important to mention that the intensity of solar particles 
on the Earth's surface should decrease not according to power 
law but according to an exponential law after they reach the 
edge of the scattering region and start entering the interstellar 
space freely (see Section 14.3). According to L.I. Dorman [5], 
effective radius of scattering region for the particles of 
February 23, 1956 flare is estimated tobe rg > 5 a.u. 


1.3. Study of flares from the data of the world network 
of stations and stratospheric measurements. Investigations 
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on solar cosmic rays got a new fillip owing to the creation of 
the world network of stations on the eve of the International 
Geophysical Year (IGY) (1957-1958). This network is function- 
ing even at present. Owing to this network, it became possible 
to study different flares of cosmic rays in detail and to relate 
them.to different geophysical and heliophysical phenomena. 


In the recent past, reSear-h workers paid attention not 
only to the biggest flare on February 23, 1956 but also to cosmic 
ray flares observed during July 1959, Mayand November 1960 
by the world network of stations. The small outbursts of cosmic 
rays of amplitude < 1% inthe neutron component are of great 
interest. Although this effect was first observed by Firor [7] 
much earlier than the beginning of the International Geophysical 
Year, a detailed statistical investigation became possible only 
after a vast amount of observational data was available through 
the world network of stations. The study of small flares is 
important not only for selecting the models of propagation of 
solar particles but also to find out whether fast particles are 
also generated during all the chromospheric flares, This 
problem has become very complicated and the results of diffe- 
rent authors do not agree. 


During the year 1962-67, the world network of stations 
was reequipped with new instruments having large range of 
detectors and high statistical accuracy (up to 0.1% on record-~ 
ing for 2 hours). One of these sophisticated instruments is the 
neutron Supermonitor described by Carmichael [8]. 


Valuable information about cosmic ray flares has been 
obtained by measurements made in the regions of high latitudes 
and in stratosphere at high altitudes with the help of geophysical 
balleon- and rocket-borne equipment. Effects of flares in the 
staratosphere were investigated even before the beginning of the 
International Geophysical Year (for example, by Pomerantz 
[9], Neer and Anderson [10]. In particular, Winckler's obser- 
vations [11], taken with the help of balloons after the lapse of a 
lot of time after the beginning of February 23, 1956 flare, made 
it possible to determine the spectrum of solar particles in the 
region of low rigidities. However, the most complete informa- 
tion was obtained during subsequent years. The existence of 
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magnetic traps for particles in front of the solar corpuscular 
beams was established by Ney et al. [12] and A.N. Charakhch'- 
yan et al, [13] only as a result of measurements conducted in 
the stratosphere in May, 1959. Stratospheric measurements 
by Yates [14] during November 12-13, 1960 flare made it 
possible to record, for the first time, relativistic solar a- 
particles with €, 2 560 Mev/nucleon. 


Commencing from the middle of 1957 (coinciding with the 
beginning of the International Geophysical Year) routine 
Stratospheric measurements were made in the Soviet Union 
under the guidance of A.N. Charakhch'yan at Murmansk 
(geomagnetic latitude 64°N) and Moscow (51°N) and at Simeiz 
(41°N) from April 1958 onwards. More than 10,000 flights 
were carried out by A.N. Charakhch'yan's group during 
1957-1966. A total number of 26 cosmic ray flares were re- 
corded in stratosphere during the period 1958 and beginning of 
1962 and out of them 23 flares were observed by A.N. 
Charakhch'yan's group in the Murmansk region [15]. 


1.4. Various methods of detecting solar particles. It 


is well known that an increase in the flux of ultraviolet radiation 
during chromospheric flares considerably increases the degree 
of ionization in ionosphere towards the 5un-lit side of the Earth. 
It partially or even completely blacks out the radio communica- 
tions on short waves. Another cause of the high-latitude ion- 
ization (polar cap ionization) in ionosphere was detected during 
the flare February 23, 1956. It has now been established [2], 
that the polar cap absorption of short radio waves may also be 
caused due to the propagation of solar protons with €, = 10-100 
Mev to the Earth. Particles having such high energy penetrate 
only into the polar regions of the Earth and give rise to an 
increase in the absorption of cosmic radio noiSe and also of 
short radio waves from ground Stations. The phenomenon of 
polar cap absorption (PCA) has been studied by continuous 
recording of the intensity of cosmic radio noise at a frequency 
of 27.6 MHz by a special equipment called riometer. The 
riometer was first built by Little and Leinbach [16] and was 
later improved both in the USA and the Soviet Union and after- 
wards in many other countries. At present, continuous record- 
ings of cosmic noiSe are undertaken at other fixed frequencies 
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as well. Apart from riometric observations, valuable informa- 
tion on the lower end of the spectrum of solar particles is pro- 
vided by other ionospheric methods (Bailey [17]) and also by the 
observation on diffusion aurora at polar caps (luminescence of 
excited gases of the Earth's atmosphere) and on a-raySs pro- 
duced as a reSult of nuclear interactions between solar particles 
in the atmosphere. Bailey [17] and Brown [18] have shown that 
the intenSity of these radiations directly depends upon the 
spectral characteristics and total flux of solar cosmic rays, 


The advent of cosmic rockets and artificial Earth 
satellites have opened vast possibilities of direct determination 
of flux of extremely low-energy solar particles in the inter- 
planetary space and offers a new tool for studying solar cosmic 
rays. 


: The first cosmic-ray flare was obServed by E.V. Gor- 
chakov and G.A. Bazilevskaya outside the Earth's atmosphere 
on July 7, 1958 with the help of the third Soviet Earth satellite 
[19]. A little later (September 12-13, 1959 during the flight of 
the second Soviet cosmic rocket, L.V. Kurnosova et al. [20] 
recorded a short-lived intense outburst of cosmic rays which 
had the maximum increaSe for nuclei of charge Z 715. This 
was interpreted as an indication that conditions favorable for 
generation (or exit from the limits of solar corona) of heavy 
nuclei are created during certain flares, A similar short-lived 
flare was recorded by L.V. Kurnosova et al. [22] during the 
flight of the third Soviet spaceship on December 1, 1960. 


The flare of September 28, 1961 is of exceptional 
interest, This flare was recorded by American reSearch 
workers Bryant et al, [23] on "Explorer-12" satellite in a wide 
energy range and for a long duration outside the Earth's mag- 
netosphere. 


Rocket and satellite obServation provided much informa- 
tion about low-energy solar cosmic rays which were inaccessible 
to observations with the help of balloons. The data on nuclear 
composition at great height are of great interest Since they are 
not distorted by interactions in the residual atmosphere (which 
is inevitable in the caSe of obServations by balloons), Very 
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valuable information about spectrum and composition of solar 
cosmic rays was obtained by Biswas et al. [24] as a result of 
emulsion measurements on rockets over Churchill during 
November 15, 1960 flare event. According to Biswas et al.[24], 
Similar rigidity spectra are obtained for protons, a-particles 
and nuclei of C,N,O and have the form exp(-R/Ro) where the 
characteristic magnetic rigidity Ro for all the nuclei lies within 
the limits of 85-100 Mev. The nuclear composition of parti- 
cles thus obtained was found to be approximately the same as 
composition of solar atmosphere. 


Yoshida et al. [25] obtained interesting result on the 
increases inthe intensity of solar protons with E> 18 
Mevand €, > 30 Mev during-October 1959 and February 
196 l with the help of "Explorer-7". In all, 23 flares were re- 
corded during this period. It was shown that, in accordance : 
with the theory of isotropic diffusion, the flux of protons after 
attaining a maximum value starts decreasing according to the 
law ~ t-3/2, Bryant et al. [26], also observed three more 
events of outbursts of the beam of solar particles by means of 
*Explorer-12" (September 10, 1961 and November 10, 1961; 
this satellite also recorded the above-mentioned flare event of 
September 28, 1961) and "Explorer-14" (October 23, 1962). 
According to the observations made by Van Allen et a}. [27] 
on "Mariner-2", 13 small flares of cosmic rays were observed 
between August and December 1962. Most probably, these 
flares caused by solar protons having energies ey =0.5- 

10 Mev. 


Recently, a new method of investigating cosmic rays-- 
study of isotopes obtained by bombarding satellite body (or 
Special samples of a substance) with cosmic rays -- was 
developed (for example, sée the works of Waddington and 
Freier [28], Lal etal. [29]. 


The separation of beams of solar and galactic cosmic 
rays is based on the characteristic difference in their spectra. 
Solar particles have a steeper spectrum than those of the 
galactic particles, i.e., the beam of cosmic rays from the 
Sun is rich in low-energy particles, Hence the passage of 
solar particles through the space is usually accompanied by 
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ionization losses whereas in the case of gaiactic cosmic rays, 
there will be considerable increase in the number of nuclear- 
active particles. Meteoritic method is also based on similar 
considerations (for example, see the review of Geiss et al. 
[30]). In particular, the work of Yokoyama and Mabuchi [31] 
describes the results of calculating the rate of formation of 50me 
radioactive nuclei having comparatively low half-life period in 
chondrites during nuclear reactions with solar cosmic rays, 
The role of different types of reactions in the formation of 
cosmogenic nuclei is estimated. It is shown that large amounts 
of radioactive nuclei Co°?, Nid9, Cr>!, Ca# , 13° are form- 
ed in chondrites as a result of nuclear reactions with secondary 
neutrons. The relative role of reaction (n,Y) is 30% in the for- 
mation of C126, 50-70% for Coo), Ni59, Cr51, Ca4l and 100% 
for Ca#5, The value of the intensity of the beam of slow neut- 
rons necesSary for the formation of these isotopes is deter- 
mined. 


Measurements on radioactivity of A126 in sediments of 
the Pacific Ocean, taken by Lal and Venkatavaradan [32], 
showed that the radioactivity is much more than that could be 
expected as a result of nuclear interactions of cosmic rays in 
the Earth's atmosphere. It is postulated that the additional 
radioactivity observed is related to the fact that micrometeorites 
reaching the Earth contain Al@6 which is produced as a result 
of bombardment of the substance of micrometeorites with power- 
ful particles in the interplanetary space. Low-energy protons, 
generated on the Sun during flares can be Such particles. A 
Stable beam of galactic cosmic rays cannot give rise to this 
effect. In order to explain the observed radioactivity of Aiz6, 
the average flux of low-energy protons ( &, 7 10 Mev) in the 
interplanetary space at a distance of 2 a.u. from the Sun must 
be 100 cm? sec~! during the last 105 years. 


2. METHODS OF STUDYING SOLAR COSMIC RAYS 


Let us consider some peculiarities in the methods of the 
study of solar cosmic rays. 


2.1. Determination of spectrum in different energy 


ranges. Spectrum of solar particles in a wide range of energies 
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can be directly measured even beyond the limits of atmosphere 
and magnetosphere by equipment placed onboard the satellites 
having extremely long stretched-out orbit and on cosmic 
rockets. For example, during September 28, 1961 solar flare 
the satellite "Explorer-12" was situated at a distance of about 
80,000 km from the Earth's center on the: subsolar side which 
made it possible to measure differential Spectrum of protons , 
with ©1232 Mev (lower limit of sensitivity of the apparatus) 
for about two days after the chromospheric flare [23]. 


One of the methods of studying the spectrum of solar 
particles (for example, see A.N, Charakhch'yan's work [15] ) 
is measurement of absorption of solar particles in upper 
layers of the atmosphere, The intensity of galactic cosmic rays 
in Stratosphere is maximum at altitudes of 16-22 km. At 
greater altitudes, their intensity is reduced considerably. How- 
ever, during flare events, solar cosmic rays do not have a 
maximum intensity in stratosphere at high altitudes: it increases 
gradually with altitude. Knowing the number of particles 
measured at different altitudes before and during flares, it is 
possible to plot the so-called absorption curve, i.e., the 
dependence of the number of solar particles recorded vg. the 
Stratospheric pressure. Information on the intensity of 
primary radiation can be extrapolated from the above curve 
up toa pressure of 5 g/cm?2 which corresponds to the range of 
protons having energy €,. =90 Mev. However, this method 
is applicable only to energies up to a few hundred Mev. Infor- 
mation on solar particles having an energy less than a few 
tens of Mev, which cannot be observed directly with the help of 
balloons, can be obtained from the data on the imosphere effects 
of these particles (see Chapter IJ). 


The spectrum of particles in the high-energy region can 
be determined from data obtained at ground. Since geomagnetic 
field during a solar flare and a few hours after it is practically 
undisturbed,normal values obtained by Quenby and Wenk [33] 
by taking into account the effect of penumbra can be taken as 
the values of threshold rigidity. For this purpose, it is also 
possible to make use of the results of calculations recently done 
by Shea etal, [34] by considering the asymptotic cones of propa- 
gation of particles, Existence of entry zones should also be 
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taken into consideration, Determination of spectrum is con- 
siderably improved by considering the isotropic nature of a 
flare, 


Following is one of the methods of determining spectrum 
from ground data suggested by N.S. Kaminer [35]. 


If one defines the spectrum of solar particles in the 
form Xp)~ p-¥ (p is the momentum of the particle) and taking 
into account the coefficients of proportionality, it is possible 
to calculate the intensity ly for every i-th observation point at 
any value of ¥Y . Let us denote the ratio of the calculated 
value of intensity 1, to the experimental value by aj( ¥ ). In 
order to maintain the constancy of this ratio, let us use the 
parameter 


AW=— Mile a,(v) gag]. 
i=. 
where 


igay=— Viga,(). 


tal 


In this case, the value of ¥ at which ACY ) is minimum will 
be approximately equal to the actual value. 


The analysis of May 4, 1960 flare on the basis of the 
above method showed: (1) the index 4% within the range R = 1-5 
Gv is approximate ly equal to5 + 0.5 which is in conformity w ith 
the measurements on other flares;(2) Y tends to decrease with 
time, 


Another method of determining the spectrum, suggested 
by L.I. Dorman and L.I, Mir oshnichenko [36] is based on the 
application of the latitude effect. If mi(R,h) is the integral mul- 
tiplicity factor af generation of the i-type secondary particles 
recorded at level h from some primary particle (proton) of. 
rigidity R, and D, (R) is the particle spectrum of particles from 
the Sun, then the intensity measured at a point with geomagnetic 
threshold R,4in will be equal to 
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fe(Rmim A)= | D.(R)m'(R, h)dR- (2.1) 


Rota 


Differentiating (2. 1) with respect to R, we get 


orfaR 
m! (R, hy” 
Replacing the symbols n and Jt by parameters corresponding 


to neutron and rigidity components, on the basis of (2.2), we 
get the ratio 


D.(R)=— (2.2) 


a n 
al"JaR _ (R) ; (2.3) 
allaR ss m*(R) 

In order to determine the spectrum, it is necessary to 
find out the multiplicity factor of generation of secondary compo-, 
nents at different heights of observation. For a general case 
when rigidities for stations at sea level: Rj and Rz do not coincide, 
with the rigidities R3 and Ry for mountain ous stations and if the 
Spectrum of solar particles has the form ~R-¥ , it is possible 
to use the formula (2.3). Then, in place of (2.3) we get 


(AT/AR)g __ ( R, 


: m(R, 0) 
(A//AR), — \ Ra 


m(Ry fA) * (2.4) 


where (AI/4OR), is the change in intensity at sea level on 
changing the rigidity by (AR), = R ,-Ro; (A 1/AR), is the same 
parameter at an altitude h in the atmosphere while 

(AR), = R3 - Kg; Re = 1/2 (Ry + Ro) and Ry = 1/2 (R3 + R4) 
(strictly speaking, inequality R} > Rx > R2 and R3 > Ry? R4 
should be satisfied). Thus, in order to determine the spectrum, 
it is first necessary to find out the integral multiplicity factors’ 
mf and mE at sea level. Tothis end, an expression similar to 
(2.2) as applicable to galactic cosmic rays has been used in 


[36]. 


Recently, neutron monitor data on latitude effect was 
obtained by Rose et al, [38] on ''Atka'' ship during 1955, i.e., 
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during the period of minimum solar activity and was once again 
processed in the work of Baduell et al. [37] on the basis of the 

corrected values of threshold rigidity suggested by Quenby and 

Wenk [33]. 


On the basis of the data obtained by Simpson et al. [39], 
it is possible to find that effective area of a standard neutron 
monitor is equal tol, 85x104 cm“. The spectrum of primary 
cosmic radiation in the region R @ 8 Gv changes with the cycle 
of solar activity to a comparatively lesser extent [2]. The 
amplitude of 11-year variations in the neutron component at 
sea level is © 30%. The above result enables us to assume 
that the flux of neutrons at sea level for stations with Ruin @ 
8 Gv remains constant (within the limits < 30%) during a solar 
cycle. In order to reduce the latitudinal curve [37] to absolute 
units, letus, for example, make use of the data obtained at 
Bueno Aires station (Rmin = 11.4 Gv).. The average counting 
rate of neutrons at this station in September 1957 was of the 
order of 18,600 pulses/hour. Hence, the flux of neutrons at 


~4 

effective area of monitor ~ l. 85 : x 10% cm% is equal to 2.9x10 °: 
cm sec™”. Relating this value to the latitudinal curve [37], 
the absolute values of neutron flux for other stations are obtain- 
ed (Table 2.1). 

TABLE 2.1. 

List of stations used in [36] and their characteristics 
Stations Height above Threshold Flux of neutrons 
sea level, m_ rigidity, at minimum solar 

Gv [33] activity, cm72,sec™2 
Ottawa 0 1,05 4, 38x10-4 
Chicago 0 “1.91 4.32x1074 
Wellington “0 3.19 4.21x1074 
Bueno Aires 0 11.4 2.90x1074 
Climax 3500 3. 08 4.15x1073 
Peak Sacramento 3000 5.1 3,85x107° 
Mexico City 2200 10.0 3, 05x107> 
Huancayo 3400 13.7 2.5x1072 


eT Nn 
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Fig. 2.1 shows the effect of latitude on the flux of 
neutrons (4104) at sea level [37] in absolute units and on 
correlation coefficient W. Estimates [36] show that curve lin 
Fig. 2.1 can be considered reliable -with an accuracy < 30%. _ 
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Fig. 2.1, Curve showing the effect of latitude (1) on flux of ‘ neutrons(X104) 
and correlati ion coefficients (2) [37]. 


The multiplicity factor for generation of neutron compo- 
nent at sea level was calculated in [36] on the basis of the diffe - 
rential spectrum of primary cosmic radiation at minimum solar 
activity obtained by Elliot et al. [40]. This spectrum is 
shown jn absolute units in Fig. 2.2 by taking McDonald's 
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Fig.2. 2. Differential ‘spectrum of primary cosmic vaiiation depending upqn 
hardness near minimum solar activity (1965) [40]. 
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measurements [41] into account. Results of calculating m"(R,Q) 
are shown in Fig. 2.3. It follows from Fig. 2.3 that the multipli- 
city factor in the interval R = 1 - 10 Gv increases ~ R“ ? and 

at higher rigidities, the increase is even slower. 


m 
/ 


4 é 3 5 7 M2 tH @ 


R, Gv 


Fig.2. 3. Integral multiplicity factor for generation of neutron (1) and rigid 
(2) components of secondary cosmic radiation [36]; 3 and 4 are 
similar curves taken from [42] for comparison, 

In order to calculate m(R, 0), the latitudinal curves obtain- 
ed for February 23, 1956, flare were used in [36]. These 
curves were obtained by Quenby and Wenk [33] from the data of 
23 stations on neutron and rigid components at sea level and 
pertain to 0600UT (universal time) on February 23, 1956, i.e., 
the curves correspond to the period of isotropy. Transforming 
these curves into absolute units and using formula (2.3), it is 
possible to calculate (R, 9) (curve 2). Multiplicity factors for 
generation of neutron (curve 3) and rigid (curve 4) components 
at sea level, obtained by Webber and Quenby [42] at rating N? 

( > 15 Gv) = 100 onthe basis of the earlier values of rigidities 

suggested by Quenby and Webber [43], are also shown for 

comparison; it should be pointed out that the same primary 
spectrum obtained by Elliot et al. [40] at the reference value of 
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Dmin (15 Gv) = 100 is used in [42]. Correlation coefficients _ 
shown in Fig. 2.1 in the range R = 4-11 Gv considerably differ 
from the values obtained by Webber and Quenby [42] and also 
by L.I, Dorman[1]. A comparison of curves 1 and 2 with 
curves 3 and 4 in Fig. 2.3 confirms this discrepancy which, 
however, iS more related to the form of curves than to the 
absolute values of mM and m+ [36] and is almost completely 
caused by the standard used in [42]. 


It should be pointed out that the curves 1] and 2 were 
obtained directly from experimental data which included the total 
beam of primary cosmic rays without considering the nuclear 
compoSitions whereas curves 3 and 4 were calculated by 
Webber and Quenby [42] with the help of special algebraic 
transformations and only for primary free protons. In this 
case, multiplicity factors obtained directly from experimental 
data for the total beam of primary cosmic rays were used in 
[42]. The experimental data were, however, normalized in the 
above-mentioned way, The algebraic transformation used in 
[42] is simple owing to the fact that rigidities for protons and 
nuclei with Z 2 2 have an elementary relation. As a matter of 
fact, assuming that the bond energy of nucleons in a nucleus with 
Z> 1 is small at energies of cosmic rays, it can be shown that 
if the energy of nucleons remains constant, rigidity of nuclei 
with Z = 2 is double the rigidity of protons. Therefore, multi- 
plicity factor for the generation of a neucleon in a nucleus of 
rigidity R can be considered equal to the corresponding value 
of multiplicity factor for a free proton of rigidity R/2. From 
this follows an important relation [42] for nuclei with Z > 2: 


mz(R, h)= Azm,(R/2, 4h), (2.5) 


where mp is the multiplicity factor of generation for a free 
proton and Az is the mass number. 


Obviously, the total multiplicity factor of generation by 
considering (2.5) will be the sum 


m(R, h)=m,(R, ht 21 KzAzm,(RI2, h), (2.6) 
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where Kz is the relative abundance of nuclei with charge Z in 
each interval of rigidities with respect to the abundance of 
protons taken as unit. According to Webber [44], the number of 
protons in the given range of rigidities is half than that of 
necleons brought to the Earth by all the particles of cosmic radia- 
tion. Therefore, equation (2.6) can be rewritten inthe form _ 


m(R, h)=m,(R, h)+m,(R)2 hy. (2.7) 


After obtaining the m(R, h) curve directly from experimental 
data, it is possible to calculate mp (R, h) as well as mz zm 2 
(R, h) for every nucleus with Z 72 on the basis of equations 
(2.5) and (2.:7) with the help of the special algebraic transforma- 
tion [42]. 


Since it is known from experiment that (R, h) is 
always an increasing, or in any case, nondecreaSing function 
of R, the condition m,(R/2, h) < Mp (R, h) should be satis- 
fied at every value of R. Taking it into consideration, we get 
an important. result from (2.7) : 


m,(R, h)<m(R, h)<2m,(R, h), ° (2.8) 


i.e., the calculated values of m(R, h) can differ from Mp 
(R, h) by not more than two times. 


It should however be pointed out that protons constitute 
half of all the nucleons only in galactic cosmic rays. A large 
number of measurements show (see [2], Section 50.11) that, 
although nuclear composition of solar cosmic rays for Z > 2 
remains practically constant and reflects the relative abundance 
of elements in the solar atmosphere, the ratio of the flux of 
protons to the total flux of mclei with Z % 2 changes within 
wide limits. In the case of some flares, fluxes of protons and 
nuclei with Z72 reflect the composition of the solar atmosphere 
while in other cases a surplus of protons. Hence, we can . 
derive analytical expressions for multiplicity factor of genera- 
tion by considering the nuclear ‘composition of solar cosmic rays. 
Experimentally established results on the-similarity of rigidity 
spectra of solar cosmic rays and nuclei w ith Z 2m 2(seea 
review of corresponding works in [2]; Section 50.11] enable us 
to describe the spectrum of all solar particles by one equation: 
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D.(R)= D,p(R)+ 2, 6D, (R). (2.9) 


where D_ (R) is the spectrum of protons and by is the content 

of nuclei with specific value of Z as compared to protons. 
Basing on the same assumptions which were made while deriving 
the formula (2.5), we can write: 


me (R, h) = Mp (R, &)+ a.My (R/2, h), (2.10) 


where a, = > Azb*z, is the number of nucleons in nuclei Z > 2 
Z>2 

per solar proton (the index "c" denotes that the corresponding 
values of m have been calculated from the data on the flux of 
solar particles), In this case, obviously, it can be assumed 
as before that mp (R/2) < Mp (R). . However, mc(R, h) and 

(R, h) cannot be related toeach other by a simple equation 
of the type (2. 8) because the parameter a, can change considera- 
bly(by more than one order) in one and the same rigidity range 
for different flares ( [2]; Section 50.11). In the case of solar 
cosmic rays, the following relation will be satisfied : 


m,(R, h)<me(R, h)<(l-a)m,(R, h) (2-11) 


On the basis of (2. 10); it is possible to write 


m?(R/2*, h) = m,(R/2", h)-+ a.m, (R/2*+1, h), (2.12) 


where k = 0, 1, 2, 3,. From this, for mp(R, h), we get a 
alternating series 
co 
os k LR R 
my(R, h)= di(— 1)" azme(R/2", h), (2.13) 
from where for the particular case a, = 1 (i.e., for galactic 
cosmic rays) we have 


m,(R, hy= B(- 1)* m(R/2*, hy). (2.14) 


Calculations of the multiplicity factor of generation m, (R, h) 
from data on flares of solar cosmic rays, i.e., calculations 

made with the help of (2.13) on the basis of the values of me 
(R, h) are possible only if the relative nuclear composition of 
solar particles, i.e., the value of a,, is known. However, 
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values of only m, (R, h) were determined in [36] since measure- 
ments on nuclear composition of solar particles were not 
taken during February 23, 1956 flare. 


It should be mentioned that the results [36, 42] were 
obtained on the basis of the values of R for vertically falling 
primary particles, On the other hand, it is known that detectors 
of secondary radiation, installed deep in the atmosphere, are 
sensitive to products of primary radiation included within the 
limits of certain solid angle (approximately within the limits 
of + 30° with the vertical). Therefore, the dependence of 
cut-off rigidity used in the works[36, 42] can be considered as 
a sufficiently good approximation to the effective value of R 
while recording data at the sea level and on mountains, 


On the basis of the calculated values of m", differential 
spectrum of the beam of solar particles was obtained in [36] in 
absolute units at the atmospheric boundary (Fig. 2. 4) for 0600, 
1000, and 2000 UT on February 23, 1956 (the flare started at 
0342 UT, the maximum was observed at 0350 UT and at 0500 
UT the beam of solar particles became isotropic), Data of 
the following pairs of stations from Tabie 2.1 were used in 
calculations : Ottawa - Chicago, Chicago - Wellington, Climax - 
Sacramento, Sacramento ~ Mexico. The straight lines in Fig. 2.4 
have an inclination corresponding to ¥ = 6. 


It is interesting to mention that the spectrum obtained 
has a tendency to change the inclination with a change in the 
rigidity but within the limit of experimental error, it does not 
change its form with the passage oftime. For example, the | 
rigidity spectrum at 0600 UT can be represented inthe form .. 
~ R~> within the interval 1-2. 5 Gv but on increasing the rigidity 
to 10 Gv, it becomes very steep (~R7'E 0. 5), This last result 
is in conformity with the results of other investigations. For 
example, L.I. Dorman [1] and Meyer et al. [4] obtained 
spectrum of the scattered beam of solar particles inthe form 
De~ @-’ (€ is the total energy of the particles in Gev) from 
which one obtains D, ~ R™@ for relativistic energies. Accord- 
ing to the work of Baduell et al. [37], the effective spectrum of 
variations of primary radiation was defined by the relation 
D.(R)/D(R) ~R-4: 5“(where D~ R~@ is the Spectrum of _ 
undisturbed primary beam in the range of rigidities considered) 
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from which it follows that De (R)~ R~6-5 and this is in line 
with the curves shown in Fig. 2.4. 


Feb. 23, 1956 


19° 


De particle cm~?.ver7}cy"! 


=& 8&8 &-8 


e 
te 


/ 23? 5 7 0 1§ @ 
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Fig. 2 4 ‘Differential rigidity spectra of salar particles at 0600, 1000 and 

‘2000 UT on February 23, 1965 [36]. The straight lines have an 

inclination corresponding to Y = 6. 

Satisfactory agreement of the obtained results with othe 
investigations confirms the applicability of the above-described 
method for determining multiplicity factor of generation and 
spectrum of solar particles beyond the limits of the Earth's 
atmosphere in the range of RS 15Gv. 


The accuracy of the determination of ¥ obviously 
depends on the width of the rigidity interval Rj - Rp for which 
the flux b of secondary particles of a particular type at the 
given altitude of observation is known from the data on the 
effect of latitude. Ifthe spectrum of solar cosmic rays is of 


the type De = Dp R™, the following relation should obviously 
be satisfied: 


2 


Ry R, 
J o¢R=D, { R-YaR, (2.15) 
Ri R, ' 
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from which we get 


_ 6(R,—R,) A—Y) 


Putting Do(R)” os b, we get the value of R: 


DpD— Ae aa (R,— Ri) (l—v) 217 
ry" =(SeEP] a 


Thus, from equations (2.15) and (2.17), it is possible 
to get the values of D, and R at known b and given Y and also 
to evaluate AD, and AR on changing ¥ and vice versa. 


Another significant aspect should also be pointed out. 
If De = DoR~*, from (2.1) we get the relation 


Fe(Rata #)=Dy { R-Ym'(R, h)\dR=Dgf (Reine Ys). (2-18) 
Row 


If the dependence of m¢ on R is known at all values of R, 
it is possible to calculate auxiliary functions 


F(R Ys b= f R%m'(R, hydR (2.19) 


Rata. 


for different values of Rmin and ¥ . By comparing the 
curves obtained from equation (2.19) with the experimental 
latitudinal curves during a flare, we get direct indications 
about the value of ¥ (it is valid only for the period of isotropy). 


2.2. Barometric effect of neutron component during flares. 
By increasing the accuracy of continuous recording of cosmic 
rays and by making detailed comparisons of variations in cosmic 
rays at different stations, Dorman's method [1,2] of deter mining 
the barometric effect with the help of one coefficient, 
corresponding to some mean free path for absorption of 
average beam of cosmic rays, is not sufficient, As a matter of 
fact, the spectrum of particles falling into the Earth's 
atmosphere can change considerably during certain types of 
variations in cosmic rays and may lead to a considerable 
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change inthe properties of secondary component, particularly, to 
a change in the mean free path for its absorption in the lower 

part of the atmosphere, i.e., to a change inthe barometric 
coefficient. In particular, significant changes in the barometric 
coefficient take place during large increases in the intensity of 
cosmic rays produced during strong chromospheric flares. It 

is necessary to consider precisely the barometric effect during 
these very periods and, first of all, this effect is important 

in the case of neutron component which has high barometric 
coefficient. 


Let Ag and Ag, be the mean free paths for absorption 
of neutron component generated by galactic and solar beams 
of cosmic rays respectively; I and p be the counting rate of 
neutron monitor and pressure at the observation point before 
the flare and I, and ptAp be the counting rate and pressure 
during the flare. If it is assumed that the intensity of galactic 
cosmic rays does not change during flare¥, according to 
McCracken [46], the relative change in the counting rate, 
reduced to standard pressure po, is determined from the 
relation 


— (/s(P + 4p) Ap , Ap P—P 
A= Gaarats wee exp a — exp =| exp aor ae (2.20) 


where 


Valery rene Babee (2.21) 


The parameterAg for neutron component was, for 
example, measured in the works of Santochi et al, [47] and 
Sakurai and Maeda [48). Avalue foras = 137 g/cm2 has been 
suggested in L.I. Dorman's book ([(1], Section 40,3) for the 
rigid component onthe basis of the data for November 19, 

1949 flare. 


TakingA, = 100 g/cm* anddag = 138 g/cm? for the 
neutron component, from (2,21) we getA= 363 g/cm. If p 
differs from pg by approximately 40 g/cm2, the second factor 


* mm some cases, this assumption is not fulfilled (for example, flare occur- 
ving during Forbush effect). In such acase, it is necessary to introduce 
another third mean free path for absorption related to modulated beam of 
barticles. 
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in equation (2.20) gives a coefficient of 1.12. In order to 
estimate the importance of determining the barometric 
correction accurately during flares, the data onthe percentage 
increase in the intensity of neutron component of cosmic rays 
on November 15, 1960 at seven stations at sea level and the 
average quadratic dispersion of these data for three cases 

is shownin Table 2.2: A — when barometric correction is 
not introduced at all; B — whenthe correctionis calculated 
by the usual method; C — whencalculations are done on the 
basis of formula (2,20). 


TABLE 2.2 


Comparison of different methods of introducing barometric corrections 
during 0500-0600 UT on November 15, 1960 [46] 


Station A B Cc 
Churchill 61.5 61.1 64.1 
College 69.4 67.9 66.4 
Mauson 65.0 65.5 65.0 
McMurdo 67.1 66.6 66.6 
Ottawa 69.1 66.9 66.9 
Resolute 57.3 58,2 63.8 
Thule 66.8 67.5 64.4 


Average quadratic 
dispersion 4.3 3.6 1.2 


It is obvious from Table 2,2 that a proper introduction 
of barometric correction, to a large extent, changes the 
observational data by reducing the average quadratic dis- 
persion of the data of different stations by about 2 times (in the 
case of isotropic propagation of solar particles). 


Strictly speaking, a similar situation will be observed 
during Forbush effects and other time variations. However, 
the magnitude of these variations is considerably less than the 
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effects of flares, and the spectrum of particles subjected to 
these variations does not differ much from the spectrum of 
undisturbed beam of galactic cosmic rays and the application 
of formula (2,20) is not very much different from the usual 
method. Eventhen, ina number of cases -- from study of the 
precise structure of variations, study of microvariations, 
data of supermonitors having low statistical error, and 
determination of the spectrum from high-latitude data (whena 
small difference inthe readings of two stations may be 
considerably distorted due to fluctuations in pressure) -- 

it becomes necessary to use the method of two mean free 
paths (or eventhree mean free paths on superimposing the 
effects) according to equation (2.20), 


In view of the importance of the problem, N.S. Kaminer 
[49] attempted to verify the results obtained by McCracken 
[46]. In the work [49], the following equation was obtained in 
place of equation (2. 20): 


A= Ears) exp je — exp(— a) exp P exp 2 7 (2.22) 


or 


—_/a P—PotAp _. P— Poth 
= Teo exp bmi nk — exp PTR (2.23) 


The following conclusions can be drawn from comparison 
of expressions (2.22) and (2,20): 


1) The last term in (2,20) contains the parameter Ag 
in place of As in (2.22), The difference is considerable 
since the ratio Ag/ As 373.5. 


2) The effect of the flare in equation (2.20) is expréssed 
in terms of I(p) -- average counting rate at the given station 
before the flare. But, if in accordance with [46], the standard 
pressure Po is considered for all the stations, the value of I(p) 
corresponding to 2 pressure p before a flare becomes an 
arbitrary (random) parameter. Therefore, it is more 
accurate to express the relative increase in nied counting 
rate during a flare by the parameter I (p Considering 
that the differences in the values of p 1Seedtalfads situated 
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at sea level can go upto~ 40 /cm2, we can replace the 
ratio I, (po) /I (pg) by I, (Pg) I (p) which may lead to anerror 
of a few percents inthe magnitude of the effect. 


It should be mentioned that in practice the barometric 
effect during flares of cosmic rays requires a knowledge 
of the mean free path for absorption of solar component As. 
At the same time, this parameter depends upon the spectrum 
of solar cosmic rays. Therefore, A, canbe different for 
different flares and moreover, A, for a given flare will depend 
on the threshold of geomagnetic latitude [49]. 


The other point made by N.S. Kaminer [49] refers to the 
following. The results of analysis obtained on different flares 
of cosmic rays must be comparable. Moreover, if the 
standard value of pressure Pg) is used for analyzing the data 
of one flare and py, for analyzing the data of another flare, the 
subsequent generalization of these results will obviously be 
difficult. Hence, it is desirable to establish one standard value 
Po on the basis of the data on average values of pressure ?P 
for all the world network of stations situated near the sea level 
and to use the same in all the investigations. For example, if 
it 1s considered that the stations situated near the sea level are 
those whose altitude changes within 0-500 m, the average 
pressure p changes from 1010 millibars to 960 millibars. In 
this case, Pg = 980-990 millibars should be taken as the average 
standard value of pressure. 


Assuming (for example, see [46]) that detectors of high- 
latitude stations during isotropic phase of a flare record equal 
increases inintensity, N.S. Kaminer [49] from an analysis of 
the data of world network of cosmic-ray stations situated at 
sea level found a simple relation for the value of A, : 


ri ( P =a) 

Ags: aA | Fey PNT iy) 
Ay (P™-+Ap™)— "+ hp) | I? ( le 
TO) P\ 
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where m and n relate to the indices obtained from data of two 
different stations. 


In view of these experimental problems, t'7> data obtained 
by Kodama [50] during recording on different amplitudes of the 
increase of neutrons of different multiplicity factors are of 
great interest. This result was obtained during January 28, 

1967 flare which was recorded by the naval triple -counter 
monitor of the type described in [8] during the stay of ice 
breaker "Fuji" at Siova (69. 03° S, 39.60 W). Table 2.3 shows 
amplitudes of the increase and average energies of nucleons 
responsible for the given multiplicity factors. 


TABLE 2.3 


Amplitude of the increase at different multiplicity 
factors at Siova during January 28, 1967 flare [50] 


a 


Multiplicity factor 1 2 3 4 5 26 
Average energy, Gev 0.11 0.24 0.52 1.0 1.74 4.0 


Amplitude of the increase, % 14.7 17.6 15.4 11.4 9.0 22.1 


2.3 Analytical method of studying the flares. An interest - 
ing method was suggested by Shea and Smart [51] for studying 
the effects of flares from ground data. This method makes it 
possible to consider the possible anisotropy of solar cosmic 
rays whi!> analyzing the observation data (for which it is 
necessary to know the receiving cones of primary radiation 
for ground stations and integral multiplicity factors of 
generation for the observed secondary components), Following 
is the principle of the method. The amplitude A of the 
increase expressed in per cents can be represented by the equat- 
10n: 


SR x) Dy (R) F (. R) 


A= ______. 
x S(R, x)Dg(R) 


, (2.25) 
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where S is the specific work function, R is the rigidity, x is 
the atmospheric depth, D is the spectrum and Fis a function 
describing the angular dependence between direction at the 
visible source and asymptotic direction for every value of the 
rigidity; indices q and f refer to quiet and disturbed (during 
flares) spectra respectively. Analyzing the data of every 
station and summing up all the rigidities with an interval of 
0.01 from the smallest observed rigidity (in order to consider 
the penumbra effect) to a value at which further increase is 
insignificant, it is possible to get the prupagation direction, 
flux and spectrum of particles. The results computed for 

the May 4, 1960 flare event are well in conformity with the 
experimental data. One advantage of this method lies in the 
fact that stations with large asymptotic receiving cones and large 
penumbra effects can be effectively used in additionto stations 
having narrow receiving cones. 


2.4. Some peculiarities of equipment for recording solar 
cosmic rays. The equipment used for recording solar particles 
is similar to the one for galactic cosmic rays. But the sporadic 
nature of flares, steeper spectrum of particles, the high 
intensity of solar particles and limitations on the duration of the 
event irnpose additional demands on the equipment which, 
firstly, should record the beginning of a flare with the maximum 
possible accuracy and secondly, should make it possible to get 
data about the intensity for any given interval of time during 
the event. Moreover, the programming of the apparatus from 
One Operation schedule to another (namely in the beginning, it 
should record flares and afterwards, the undisturbed flux of 
cosmic rays) should be automatic. 


Keeping /n mind the above point, J. Simpson [52] has 
designed a special device which could differentiate the h-=ginning 
of a flare in neutron monitor with an accuracy of 1 min and 
which could automatically take photographs every minute and 
later on, after every five minutes, This device helped in 
getting exceptionally valuable data during the February 23,1956 
flare. 


Ya, L, Blokh [53] designed a similar device for telescope 
counters and, inthis case, the photorecorder recorded the time 
and readings of the scaler after every 1-1/2 minutes. 
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In the case of ionization chamber, the electrometer 
goes out of scale due to a sudden increase in the intensity, 
and the instrument is no longer sensitive to the change in the 
intensity until the central electrode is not grounded 
again, After grounding, the recording continues for a few 
minutes after which the indicator again goes out of scale and 
the instrument does not operate for a long time till it is 
grounded once again. Hence the instrument does not operate 
during the most interesting periods of the increase in the 
intensity of cosmic rays. Because of this, Yu. G. Shafer 
[54] has redesigned the instrument making it possible to switch 
over the electrometer quadrants to be fed with low voltage 
immediate ly after the beginning of the sharp increase (i.e., 
before the indicator goes out of scale for the first time), It 
reduced the sensitivity of the electrometer and helped to 
record all the incoming information. 


The equipment meant for stratospheric, satellite and 
rocket measurements of solar particles differs from the ground 
equipment in weight, dimensions and geometry. In particular, 
a specific direction of detectors is required for measuring 
the degree of anisotropy of solar particles in the interplanetary 
space, Inaddition, a special memory system for storing the 
observed data and a system for telemetering the same to the 
Earth is necessary. 


3. SENSITIVITY OF SOLAR PARTICLES TO PHYSICAL 
CONDITIONS IN THE COSMIC SPACE 


Theoretical investigations on solar cosmic rays acquired 
great impe.us during the last decade along with the development 
of the experimental techniques and accumulation of observational 
data. Inthe light of modern experimental data and theoretical 
concepts, propagation of solar cosmic rays can be considered 
as a single, complicated process defined by the properties 
of the medium through which the particles move. 


During its propagation from the source to the observation 
point, a solar particle experiences the influence of solar 
atmosphere and local magnetic fields on the Sun, interplanetary 
medium, interplanetary and geomagnetic fields and of the 
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Earth's atmosphere. Asa result of this interaction, individual 
characteristics of the particles (viz. trajectory, energy 

and charge) as well as group properties of a large complex 

of particles (viz. energy spectrum, nuclear composition, 

and total flux) should change. We will consider inthe following 
paragraphs the role of basic factors which can give rise toa 
change inthe spectrum, composition and other characteristics 
of solar particles. 


3.1. Nuclear reactions. As shown by V. L. Ginzburg 
and S.I. Syrovatskii [21], the composition of galactic cosmic 
rays observed at the Earth considerably differs from that 
at their sources. This difference is caused by the nuclear 
transformations due to interaction of cosmic rays with inter - 
stellar medium inthe process of their propagation in the 
galaxy. In this case, the cosmic rays are significantly enriched 
with protons and light nuclei due to the dissociation of heavy 
nuclei. A similar situation also exists in the case of propagation 
of solar cosmic rays. Hence let us consider the role of nuclear 
interactions in the interplanetary space, solar corona and in the 
chromosphere individually [2]. 


The amount of matter covered by solar particles in the 
inter planetary space is considerably less than the mean free 
path of nuclear interaction even for the heaviest nuclei. As 
a matter of fact, since the time lag of particles is of the 
order of one day, the velocity v~10!0 cm/sec and the density 
of the interplanetary medium n <103/cm3, the total amount 
of matter traversed by the particles is < 108 atom/cm2 or ~ 
bees g/cm*, that means the nuclear reactions inthe inter- 
planetary space can be neglected. 


During the course of passage of accelerated particles 
in the solar corona with density n~ 108 cm}, nuclear reactions 
will be significant only if the time of existence of particles in 
the corona is 2 10 days. Since the acceleration process lasts 
for $1 hour, the nuclear reactions in the corona will be signi- 
ficant only inthe presence of magnetic traps capable of retaining 
the particles for a long period (for many days). Such traps can 
most probably exist [2] but their life can hardly be more than 
\ day. Nuclear reactions in traps having such a life will be 
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significant only if the density of the medium is 109?— 10!9 cem"3, 


i.e., if the particles move in the lower corona and upper 
chromosphere. 


If the particles move inthe chromosphere havingn ~ 
1012 cm73, their life with respect to nuclear reactions at 
vy ~wl1o0l9 cm/sec will be ~ 102-10" sec which is comparable 
to the acceleration period. 


If acceleration process for all the nuclei proceeds in 
a sufficiently dense medium and is valid for a long time, the 
nuclear composition may get sufficiently enriched with light 
elements. However, evenin this case, a large amount of Li, 
Be, B nuclei should have been observed in solar cosmic rays 
which is contrary to the observation data, 


Thus, it can be confirmed that the composition of solar 
cosmic rays can change (by enriching with lighter nuclei) 
if there are long-life magnetic traps in the corona or if the 


acceleration process mainly takes place in the chromosphere 
at high density regions. 


Since the nuclear reactions in the interplanetary space 
can be neglected, the measurements made at the Earth will 
mainly give information about the composition of particles 
corresponding to the time of their exit from the solar 
atmosphere. 


It may be assumed that some amount of unstable 
isotopes is formed during nuclear reactions in the solar 
atmosphere. The distribution of solar particles according to 
energy and charge is changed to some extent by a part of 
them undergoing dissociation with half-life periods comparable 
to diffusion characteristic time. However, at present, there is 
no reliable data on isotopic composition of solar particles 
(see Section 9.3)*. 


* Recenlly B.M. Kuzhevskii [Il. 166] showed that flux of Be? nuclei from a 
solar flare in the interval €,, = 40-400 Mev/nucleon can be much more — 
than the flux of Be? nuclei. In the interval 120-204 Mev/nucteon, intensity 
of Be7 nuclei can go up to 1, 2x10-3 m-2. sec-1 sterad~. There isa 
possibility of an increase in the flux of radioactive isotope as compared to 
the stable flux for cobalt nuclei as well (Co°5/Co?? > 1 in the interval 
5-30 Men/nucleon). At 30-400 Mev/nucleon energy, flux of radioactive 
cobalt is a few percents of the flux of stable cobalt. 
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The role of nuclear reactions inthe Earth's atmosphere 
is well evident from the fact that cosmic rays, before reaching 
the Earth's surface, must pass through the layer of air which 
is approximate ly equivalent to 15 nuclear mean free paths. In 
this case, characteristics of solar cosmic rays at the boundary 
of the Earth's atmosphere are evaluated with the help of the 
method of correlation coefficients (see Section 2.1). 


3.2. Ionization losses, Ionization losses for two nuclei 
of cosmic rays -- light (hydrogen, Z = 1) and heavy (iron, 
Z = 26) -- during their propagation thro ugh the interplanetary 
me dium with concentration n ~~ 1 cm™~3 can be estimated with the 
help of known formulas. 


In the case of propagation of a nonrelativistic particle 
with kinetic energy &, = 100 Mev, losses on excitation and 
ionization of atoms of the medium are 3.23xl077 ev/sec and 
9.45x1074 ev/sec for proton and iron nucleus respectively. 

In the relativistic case ( €,, = 10° ev), the ionization losses 
.re as expected slightly less: 2.26x10~? ev/sec for hydrogen 
and 1.07x107~4 ev/sec for iron. 


In an absolutely ionized medium with electron concentra- 
tion ng, the ionization losses in the nonrelativistic case 
(€, = 100 Mev) are 1.35 x 10°®© ev/sec for hydrogen and 
6.1x1073 ev/sec for iron whereas for the relativistic case, 
they are 6x10~? ev/sec and 3. 9x10 ~4 ev/sec re spectively. 


Thus, ionization losses of solar cosmic rays in the 
inter planetary medium during diffusion period (~103-104 sec) 
can be neglected. Evenan increase inthe density of the 
medium by one or two orders does not change this conclusion 
significantly. 


It should be noted that the particles may not be 
completely ionized inthe process of their acceleration at the 
Sun since the lower the degree of ionization of an atom, the 
lesser will be the injectionenergy. However, inthe process, 
when the energy accumulates at sufficiently dense regions, the 
atom will more and more get ionized. Thus, the degree of 
ionization of accelerated atoms will be determined by the specific 
nature of the acceleration mechanism and by the density of the 
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substance of the medium in which the energy accumulates. 

As stated earlier, the degree of ionization should not practically 
change during propagation through the interplanetary space. 
Data on the degree of ionization of solar particles are of 

exce ptional importance for understanding the acceleration 
mechanism. Till this time, there are no such data available. 
The most direct information about the degree of ionization 

of nuclei could be obtained with the help of artificial satellites 
and cosmic rockets. To this end, it is possible to make use 
of the geomagnetic field dividing the nuclei of effective charge 
Z* according to their rigidity R* = RZ/Z* beyond the limits 
of the atmosphere. Thus Z* = RZ/R* where R*¥* is determined 
from the geomagnetic theory and, R and Z, from the 
measurements by balloons. 


In regard to the problems already discussed in Sections 
3.1 and 3.2, the results of measurements, obtained by 
Bryant et al. [55] on spectrum of solar protons with &,>2 Mev 
with the help of satellites "Explorer - 12" and "Explorer-14" 
beyond the limits of the Earth's magnetosphere, are of great 
interest. According to [55], the emission spectra of solar 
particles for a large number of flare events (September 28, 
1961; November 10, 1961 and December 23, 1962) are well 
described by a power function of kinetic energy right up to 
&x~1.Mev. From this, it is concluded that the amount of 
matter traversed by protons after acceleration was less than 
the mean free path for absorption of a proton having €, = 1 Mev, 
i.e., 1073 g/cm : 


Infor mation on the isotropic composition is very 
important for evaluating the amount of substance traversed by 
solar particles after acceleration. For example, let us suppose 
that accelerated 4-particles cross a layer of substance 
(hydrogen) £0.2 g/cm2 and the cross section of formation of 
He3 is equal to 50 millibarn, Inthis case, the ratio He3 /He4 
will be <6x10°~. This value is about 2 orders less than the 
value 0.2 obtained experimentally by Schaeffer and Zahringer 
[56] with an accuracy up tothe third place. Basing our comput- 
ations on the lower limit of the experimental relation (~ 0.06), 
we get the amount of traversed substance ~1. 2x1 04 atom/cm4, 
i,e., approximately 1 g/em2, and this result is contradictory 
to Biswés's observations [57]. As shown in[57], data obtained 
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by Schaeffer and Zahringer [56] are unreliable. A similar 
situation is observed in the case of measurements on the 
abundance of deuterium and tritium [28, 29]. 


3.3. Collision of solar particles with magnetic clouds. 
The modern model of interplanetary medium assumes a : 
dynamically changing, in space as well with time, picture 
of motion of irregularities of magnetic field ("magnetic clouds" } 
fromthe Sun. Therefore, the particles, generated during 
chromospheric flares, must experience the effect of 
retardation or acceleration inthe process of collisions de pending 
upon the fact as to whether they obvertake the magnetic clouds 
or undergo cross collisions withthem. Inthe case of a 
collision with a magnédtie irregularity, the acceleration is 
caused by the induced electrical field E = -1/c [uH] originating 
due to motion of the magnetic field, frozenin the medium, with 
a velocity u. This effect is the basis of the statistical model 
of Fermi acceleration [58]. 


Solar particles propagate in an expanding beam of magnetic 
irregularities. Inthe long run, it must lead to some decrease 
in the energy of particles since they mainly undergo overtaking 
collisions, This "reverse" statistical mechanism of Fer mi 
was first studied by B. L.Ginzburg et al. [59]. L.I. Morman's 
estimate of the effect of retardation [60] gives the change in the 
energy per collisionas S€ =-EuNw/e*, . A particle, 
reaching the Earth in a time t after the flare, on an average, 
undergoes collisions ‘V = vt/A. and average loss of energy 
willbe AE = SEV = Ev ut/er, By taking the average for 
volume A in which diffusion takes place, we get A€=3E¥u t/ 
2c°r. Thus, the later the particle reaches the Earth, the 
more will be the loss of energy (at ut~T, the loss will be 
significant for particles of any energy). The average fime of 
propagation of particles from the Sun to the Earth is t~ rf /6%. 
From this, we get for the average loss of energy, AE = 3€ uve? / 
4c*t A. If FA Ty then AEX ~Uuvry /c*N. For high-energy 
particles v ~ c and since ury /cN¢<1, the decrease in the energy 
_cf farticles can be neglected deliberately. But if the particles 

are nonrelativistic, then€ ~ mgc@ and AE /E, x 2ury /vA. lf 
u=3x 10? cm/sec and v & 1010 cm/sec, then A& JE), @ 
at A = 1014 cm, i.e., for the given'case, at *% = 3x 1041 cm2/ 


iy 
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sec. Thus, the braking is noticeable only inthe case of extremly 
low-energy particles and it leads to a change in the gradient of 
spectrum in the region of low energies. Onthe other hand, if 

the spectrum at low energies is plane, the retardation must 
partially compensate for the decrease in the intensity of particles 
caused by convection in the solar wind. 


3.4 Effect of drift. According to Parker [61], the 
drifting velocity of a proton, having a kinetic energy X 
(in static -energy units) and moving perpendicular to an 
irregular magnetic field of intensity H ~ 10-4 gauss and 
characteristic dimension L~ 1013 cm, is ugrp = 4.5x10%X 
(X% + 2)/( ®+1) cm/sec. During 5-hours of drifting, a 
proton with &, =10!% ev (X% #1) covers a distance of 1.2x 


1012 cm = 0.09 a.u. During the same period, a proton with 
€&, = 108 ey covers a distance which is eight times less 
whereas a proton with && = 1019 ey covers about seven times 


more distance. From the above it is obvious that firstly, the 
particles fill the interplanetary space quickly due to drift only 

‘at the highest values of && = 10!0 ey and reach the Earth in 
accordance with the observed time lag of the order of a few hours; 
secondly, in the process of drifting the beams of high-energy and. 
low-energy particles get absolutely separated and this is 
contrary to the observations on particles with Ex S 10? ev. 
Hence, it is difficult to formulate sucha theory of propagation 

of solar particles which may be based onthe drifting of particles. 
In all probability, drifting of particles does take place and plays 
some role in the large-scale interplanetary fields but this 

effect does not play thé leading role, most probably, excepting 

in the case of particles with extremely high energies. Of 

course, this preliminary conclusion does not settle the 

problem of the role of drifting in prepagation of solar particles. 
In this connection, it is pertinent to point out that the drifting 
velocity of an 4-particle having the same magnetic rigidityas 

a proton of energy X is less than that for the proton by nearly 

[a -3/4( X+ 1)1/2]. The Larmor radius and the drifting velocity 
of an G-particle having the same energy per nucleon are twice 
than those of a proton. 


If there is a large number of inhomogenities in the 
interplanetary space, then, the term that is more important 
in the equation for diffusion coefficient is not the velocity of the 
particles but the drifting velocity inthe inhomogeneous regions of 
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the magnetic field (if the irregularities completely fill the space) 
or in other words, the average effective velocity of particles 
obtained by considering the effect of drift (if the irregularities 
of the field are at an average distance of d from each other) 

(2]. 

In principle, additional migration of particles due to 
convection from the Sun to the Earth is possible due to the 
directed radial motion of magnetic irregularities (see 
Chapter IV)*, 


3.5. Acceleration of solar particles in the interplanetary 
space. ‘Interesting effects due to the increase in the flux of solar 
particles before the sudden commencement of geomagnetic storm 
were noticed by Axford and Reid [62] on the basis of cosmic radio 
noise absorption records during the polar cap absorption events 
of February 11, 1958, May 8, 1960 and September 30, 1961. 
Simultancous measurements on satellites "Explorer-12" and 
"Injun-1" during the September 30, 1961 event, also confirmed 
the assumption that the increase in absorption was caused 
by the increase in the flux of low-energy solar protons, 
The increase in absorption before the commencement of magnetic 
storm is interpreted [62] on the basis of "compression" of 
particles between two shock waves in the interplanetary medium. 
One of these shock waves responsible for the geomagnetic storm 
moves from the Sunto the Earth at a velocity ~1000 km/sec. 
The second "standing" wave is caused by the moving solar wind 
interacting with the Earth's magnetosphere. 


As a result of the "compression", the particles accumulate 
in-between the waves and their energy increases Owing to 
Fermi's acceleration mechanism. Both these effects, acting 
simultaneous'y, give rise to an increase inthe flux of particles 
whose energy is higher than the energy near the Earth's 
Surroundings. As shownin [62], most of the peculiarities 
observed On cosmic radio noise absorption can be explained 

on the basis of the above interpretation, 


* 

As pointed out by Parker [61], the convection of particles in the solar 
wind, just like the negligibly small large-scale drift (these effects are 
comparable with respect lo order of magnitude), mainly serves for migra- 
lion and expansion of particle distribution caused by disorderly movement 
(diffusion). This movement is more complicated than the convection pro- 
cess and in most of the cases, takes place at a higher speed. 
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3.6. Solar cosmic rays and local cut-off rigidities in 
the geomagnetic field. As pointed out by Ray [63], measurements 
on spectra of solar protons at northern latitudes showed that the 
cut-off rigidity in this region, even during magnetically quiet 
days, is, in general, considerably less than that obtained by 
calculations in which the actual distribution of geomagnetic field 
obtained from ground data, and the corresponding ring current 
are taken into account. According to Ray [63], many of the 
descrepencies can be easily explained by considering, in addition 
to the above-mentioned components of the field, another turbulent 
component existing at all places beyond a certain distance from 
the center of the Earth. 


Similar studies are also made by Akasofu et al. [64]. 
They, in addition to the differences between effective and cal-~ 
culated rigidities during magnetically quiet days, estimated the 
effect of the decrease in cut-off rigidity during the main phase 
of the magnetic storm mentioned by Winckler et al. [65]. 
Both the effects are considered within the framework of 
present concepts about the ring current which is caused by 
the particles captured in the geomagnetic field, and about 
the magnetosphere extending up to a distance of 8-12 earth 
radii (rf) and is in conformity with the data obtained by 
Satellites "Explorer-12" and "Explorer-14". The effect of 
compression of magnetosphere is shownin Fig.3.1. The 
prohibited (dark) and permissible (bright) zones in the 
spherical magnetosphere are shown for particles with kinetic 
energies equal to 500 kev, 1 Mev, 30 Mev and 100 Mev. 


Kellog and Winckler [66] painted out, that the ring 
current leads to a decrease inthe cut-off rigidity at a given 
point at high altitudes by a factor k = 1/(l + Mrp/Mp) whe re 
ME = 8.1x1025 gauss. cm3 is the magnetic moment of the 
Earth and MR is the magnetic moment of the ring current. 
Calculations show that the ratio MR/Mg cannot be more than 
one. It is evident from this that only the ring current cannot 
reduce the rigidity R by a factor <0.5. The observed value 
of k are of the order of 0.2 which corresponds to the extremely 
large value Mr/Mg = 4. In practice, still lower values of k are 
observed. According to observations of Maehlum and O' 

Brien [67] on July 12, 1961 (magnetically calm period) at 
College (Alaska) where usually protons with & 2 15 Mev (R = 
0.168 Gv) reach during magnetically calm days, protons 
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Fig. 3.1. Prohibited (dark) and permissible (bright) zones in the Earth ee 
magnetosphere for particles having kinetic energies equal to 5 
kev (a), 1 Met (6), 30 Mev (c) and 100 Mev (a). 
with 6, ~ 1 Mev (R = 0. 0433 Gv) started arriving during the 
main phase of magnetic storm. It corresponds to a value 
of k = 0.09 or Mp/Mg, = 10 which is absolutely imrussible. 
A similar study of the second possibility showed that the 
observed decrease in rigidity ‘cannot be completely explained 
only with the help of compression of magnetosphere which 
reduces the angle between the dipole axis and the lines of force 
near the poles and thus, facilitates penetration of low-energy 
particles. Under certain simplified assumptions (particularly 
inthe case of vertically falling particles) ,Akasofu et al. [64] 
showed that the observed decrease in rigidity can be quantitati - 
ve ly explained by a suitable cornbination of both the disturbing 
processes, 


“In connection with the problem under refere nce, Stone's 
work [68] is of great interest. In this work, the de pendence 
of cut -off rigidity on local time has been investigated for 
protons with€, =1,5 Mev. The investigation was conducted 
with the help of satellite "Discoverer -36" launched on Se ptember 
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17, 1961 into the solar orbit having the following parameters: 
apogee height 396 km, perigee height 235 km, eneie of 
inclination of the orbit to the plane of equator 82,7°. Low- 
energy protons along the orbit of the satellite aaeare the 
period of low geomagnetic activity were measured with the 
help of telescope counters having solid scintillators and 
installed in vertical and horizontal directions, At all latitudes 
higher than the characteristic cut-off latitude for these 
protons, a low flux of protons with&, = 1.5 Mev was observed 
which interacted with the geomagnetic field as individual 
particles. The observed vertical cut-off corresponded to 
geomagnetic latitude of 65° onthe nocturnal side and 67° 

on the diurnal side whereas the theoretical Stormer cut -off 
should be observed at a latitude of 76°. The dependence 

on local time was also observed for the so-called transition 
width characterized by the difference in the latitude at which 
the flux becomes measurable for the first time and the latitude 
at which the maximum (plateau) of flux is observed for the 
first time. Onthe nocturnal side, the transition width was 

1° and on the diurnal side, it was ~ 3° and is found to be 
variable. Horizontal cut-off latitudes were approximately 

the same. Essentially identical results were obtained for both 
the north and the south poles. These results show that polar 
regions were absolutely accessible to protons with€,<1.5 Mev. 
The obtained results do not predict any of the existing theories 
of geomagnetic cut-off and must be considered in the light - 

of computations on proton beams which give rise to polar cap 
absorption of radio waves. 


Stone's measurements [68] are of special importance 
since the equipment meant for measuring the absorption of 
radio waves canhét accurately define the boundary of the’ 
region of polar cap (geomagnetic latitude 2 65°) from the 
side of low latitudes. 


Hakura [69] studied similar problems. It is pointed 
out that the observed cut-off rigidities of cosmic rays in polar 
regions are considerably less than those expected frorn 
Stormer's theory even during magnetically calm periods. 
The latitudinal dependence of non-stér mer cut-off rigidities is 
determined on the basis of the data on polar absorptions and 
observations on subcosmic radiation made with the help of 
balloons and satellites. It was shown that cut-off rigidites in 
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the latitude range of 55-65° differ from the dipole rigidities 

by a factor of about 0.7. Below 55°, the rigidities change to 

a lesser extent and are approximately eq@al to dipole rigidities. 
This can be explained on the basis of the assumption re garding 
ring current in the calm field. 


Satellite observations on solar particles show that the 
cut-off disappears in the polar cap at a latitude > 65°. 
Theoretical models of asymmetrically deformed magnetosphere 
suggested by Michel and Dessler [70], Dangey [71] and Levy et 
al, [72] pbviously satisfactorily explain the abnormal invasion 
of low-energy particles in polar caps although these models 
considerably differ from each other in the estimation of the 
role of interplanetary and geomagnetic fields and the resultant 
interval of time required for invasion of particles in the 
magnetosphere. 


Polar cap absorption events can be utilized for confirming 
these theoretical models since these effects testify to the 
transient nature of invasion of solar particles inthe upper 
atmosphere. It is clear that the initial absorption phase 
consists cf at least three characteristic stages which proceed 
successively in different zones of polar regions. The transition 
period from first stage to the second is usually of the order of 
a few hours which testifies to the absence of a direct relation 
between geomagnetic and interplanetary fields. 


Hakura [73] considered the role of solar & -particles 
in increasing the ionization at the boundary of the region of polar 
absorptions. 


Geomagnetic coordinates corrected by considering higher 
harmonics of dipolar expansion are used for analyzing polar 
absorptions. The analysis shows that figures -- oval in shape in 
the coordinate system of centered dipole -- of well-developed 
polar absorptions get circular shape in the corrected system and 
as such, provide unified cut-off latitudes for solar particles 
giving rise to polar absorptions. 


In the corrected system, the minimum cut-off latitudes 
changed from event to event within the limits of 65-54°. Thres- 
hold rigidities of particles, capable of giving rise to polar ab- 
sorptions, were calculated in [74] for the case ef protons and 
a-particles. The maximum of the obtained values, known as total 
threshold rigidity, can be related to the latitude cut-off of polar 
absorptions. 38 
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Using rigidity spectra of solar particles suggested by 
Freier and Webber [III. 6], it is possible to draw the conclusion 
from statistical considerations that in most of those flares of 
solar cosmic rays when the ratio a/pw 1, well-formed equato- 
rial boundaries of absorptions are caused by G-particles. There- 
fore, the term “flare of solar protons" as applicable to polar 
absorptions should be corrected. 


There are some exceptions in the case of "purely proton 
flares" when the flux of A -particles is insufficient for causing 
the absorption. The limit of minimum latitudes in these cases 
was usually grouped around 65° in the corrected system. 


Reid and Sauer [74] studied the relation between the polar 
absorptions and the tail of the Earth's magnetosphere. It 
can be reasonably expected that the geomagnetic tail will have an 
effect on the cut-off rigidities of low-energy solar protons 
(1-100 Mev) and therefore, on the global distribution of polar 
absorptions, If the tailis very long, excess flux of protons 
will invade the polar regions and, according to the model of Michel 
and Dessler [70], rigidities different from zero will be observed. 
at high latitudes. On the other hand, rigidity in subpolar 
regions will come down to values considerably lower than those 
expected in the absence of the tail. The simple model [70] for 
determining the effect of tail on cutoff rigidities in ‘subpolar 
regions is well in line with the available observation data. 


Williams and Bostrém [75] studied the results of obser - 
vations on solar protons during February 5, 1965 flare event. 
Measurements were made with the help of high-latitude 
satellites %1903-38-C" and "Injun-4" with low orbits. 
According to observations [75], low-energy protons '( &,~1 Mev) 
have time vuriation which is not in conformity with the diffusion 
of particles and is characterized by a series of fluctuations in the 
intensity. These observations inthe polar cap are compared 
to the time variation of protons having similar energy on the basis 
of observation by "Mariner -4" up to 3000 rp in the antisolar 
direction. The comparison shows that most of the lines of force 
of the geomagnetic field are closed up to the arrival of plasma 
cloud from the flare; after the solar plasma reaches the Earth, 

a long magnetic tail in which most of the lines of force are not 
closed is formed. 
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The difference in the times of arrival of these protons 
at "Mariner-4" and to the region of the polar cap is discussed 
by assuming different shapes of the magnetosphere. In 
particular, the arrival of low ~energy protons to "Mariner -4" 
about 4 hours before they are observed at the polar cap is in 
line with the assumption regarding the extent of the magnetosphe - 
ric tail. In general, the obtained data cannot be interpreted 
in a unique way on the basis of such a model. Eventhen, the 
comparison of time variations of low-energy protons in the 
polar cap and at a distance of about 3000 rp in the antisolar 
direction shows that considerable changes were observed in 
the shape of Earth's magnetosphere during February 5, 1965 
flare event. 


On the basis of Taylor -Hones model [77] of geomagnetic 
field, Taylor [76] recently carried out numerical machine - 
computations on the trajectories of protons with&, = 1.2 Mev 
passing through infinity. Only those particles were taken into 
account which attained a height ¢ 2000 km from the Earth's 
surface. For these particles, calculations show that: (a) the 
lines of force reaching the Earth at tatitudes less than 65° 
are inaccessible to particles with pitch angles@ = 0-909 
irrespective of the local time; (b) the lines of force in the 
latitude range of 65-75 onthe diurnal side of the Earth are 
accessible only to particles with high pitch angles at a height ~ 
2000 km (i.e., moving approximately orthogonally to the 
vector of magnetic field); (c) the "polar plateau" -- cloud of 
inaccurate shape obviously accessible to protons with any 
pitch angles between 0 and 90° -- ones fromthe pole to 65° 
at the midnight meridian, to PRS i at the noon and morning 
meridians andto ~70 at the evening meridian. A comparison 
with the observations of Stone [68] and Harding et al. [III. 101] 
confirms the accuracy of the calculations [76]. 


3.7 Shock zones for solar particles in the geomagnetic 


field. The analysis of the increase in the intensity of cosmic 
rays shows that the beam of solar particles is anisotropic at 
least at the initial stage. The radiation propagates from the 
Sun within a limited solid angle and the distribution of intensity 
on the Earth's surface is mainly determined by the spectrum 

of particles in the beam and by the effect of geomagnetic field 
on it. As shown by Firor [7], trajectories of solar parti- 
cles with €~0.03-10 Gev tend to group themselves in the 
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geomagnetic field into isolated families and form the so-called 
shock zones. 


Formation of three well-defined zones -- at 0900 hours 
(centering at about 0900 hours local time), 0400 and 2200 hours- 
is of special importance. In addition, there is the fourth 
background zone which at R = 0, 03-10 Gv covers whole of the 
region in the latitude range of 28-78 . Firor's calculations 
[7] show that the ratio of intensities in the basic shock zones 
in the case of a plane spectrum.is 7:3:1. However, subsequent 
and more accurate calculations cf Liist [78] and Sakurai [79] 
which take into account the sharply-falling nature of the spect- 
rum, point out a more complicated picture of the distribution 
of intensity of solar cosmic rays inthe shock zones. In 
particular, it becomes apparent that in some cases, at medium 
geomagnetic latitudes, the intensity of the flare radiation 
is maximum in 20-hour shock zone. There can also be cases 
when intensities of all the three zones are comparable among 
themselves. It should be pointed out that these results refer to 
the intensity at the boundary of the atmosphere. On the other 
hand, the sensitivity of the recording equipment varies for 
different regions of the spectrum, and also the energy of the 
particle decreases during the transition from 9~hour zone to 
the background zone at the given geomagnetic latitude. If these 
above facts are taken into consideration, the actual distribution 
of intensity at the surface of the Earth may considerably differ 
from the one calculated by Firor [7]. Noncoincidence of the 
axis of the Earth's rotation with the axis of geomagnetic dipole 
gives rise to diurnal and seasonal changes inthe position e 
of shock zones [2]. 


3.8. Transformation of energy spectrum and nuclear 
composition of solar particles in the process of diffusion. 
The effect of the interplanetary medium on the propagation of 
solar particles from the Sun to the Earth is not limited by the 
above-mentioned phenomena. Investigations conducted during 
the past 10 years showed that the interplanetary magnetic fielas 
play a leading role in the propagation of solar particles. 
Different rnodels of propagation of solar particles are considered 
in Chapter IV. The most significant consequence of diffusion 
of solar particl+s at irregularities of the interplanetary field 
is the change in their energy spectrum and nuclear composition 
with the passage of time. 
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Asa matter of fact, it was observed by Pfotzer [45] 
that even during the February 23, 1956 flare event, the differ- 
ential spectrum of pulses in the region2.5¢p < 6.0 Gev/C 
is of the type p73 4 for particles coming directly from the Sun 
whereas the spectrumof scattered particles was much steeper 
(p-© or p7), i.e., the beam of scattered particles was 
enriched with low-energy particles. Sharply-de fined dispersion 
effect (i.e., delay of low-energy particles) was observed during 
the flare events of September 3, 1960 (Bhavsar [80] and Davis 
et al. [81]), November 12, 1960 (Lockwood and Shea [82)]), 
September 28, 1961 (Bryant et al. [23]) and in many other cases. 


These experimental observations are naturally explained 
by the assumption that the diffusion coefficient increases 
significantly due to an increase in the energy (rigidity) of the 
particles. As shown in Section 13, the mean free path for 
scattering is determined by the rigidity of particles R = cp/Ze 
and depends onthe distribution of magnetic irregularities 
and intensity of their fieldin space. It follows from this that 
the diffusion coefficient of particles % =Av/3 can depend on 
the rigidity uf particles as well as on their velocity. This 
de pendence is especially significant in the region of nonre lativist- 
ic energies where, in contrast to relativistic case. (twaAN since 
v«~c), the additional dependence onthe velocity % ~v will 
also have an effect. This fact has a significant effect on the 
time of propagation of particles from the Sunto the Earth (since 
tmax =~ ww v7l). Moreover, nuclear composition of solar 
cosmic rays should change with time due to this very reason. 
As a matter of fact, the velocity of nuclei inthe nonrelativistic 
region is less than the velocity of protons at the same magnetic 
rigidity by approximately two times since the ratio of charge 
to the mass number Z/A for all the nuclei with Z 2 2, detected 
in solar cosmic rays, is of the order of 1/2. Two important 
conclusions can be drawn fromthis. Firstly, separation of 
beams of protons and heavier nuclei of the same rigidity 
(enrichment of the beam of solar particles with nuclei having 
Z22at large t) must be observed during cosmic ray flares. 
Secondly, all the nuclei with Z22at a constant value of R 
should be simultaneously present in the beam of solar cosmic 
rays, i.e., there should not be any further separation of the 
beams of nuclei according to Z. Some simple relations 
(Hakura [83]) are cited as an illustration. 
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If the spectrum of solar particles according to their 
rigidities at the time of emission was of the type Dg (R) = Dos 
exp ( (-R/Ros), then, asa result of diffusion, during observations. 
at the Earth's orbit, we get 


Do, exp (— RI Ro,) Fr 
D, (ts rx; j= Sa a exp(— ;). (3.1) 


Dos ex RIRo: r 
Dit. Ts, R)= K,- eae exp(——2} (3.2) 


for protons and & -particles respectively where Kg is the ratio 
of & -particles to protons inthe source. Onthe other hand, 
actording to Freier and Webber [III.6], the spectrum observed 
near the Earth is of the type 


Di (t ra» Ry=D,(¢)exp (— Rw) (3-3) 
D,(t rg» R=KgOD,(exp(—ziz) BN) 


for protons and @-particles respectively where K, (t) is the 
ratio of d-particles to protons at the Earth's orbit. Taking into 
account the fact that the flux of particles during diffusion is 
maximum at ty, = xg /6 from (3.1)-(3.4) we get 


Ke-(Z) eo|- BE —a)k- 


tma 3? —tm 
= a sat 
-(= exp| a Ke (3.5) 
If the protons are emitted with fhe same rigidity, then v =a 


where a = 1/2 [f1-3/4(v pel” » ice., 1/2 gael. Since in the 
nonrelativistic case, gelocity of protons Vp & x 2vq, (3.5) becomes 


Ks (6) = 2" exp (— = im).K, (3.6) 
a he _ = 997 ey xp (— oP), (3.7) 


where C = t/ ties: The relations (3.6) and (3.7) are also 
applicable to integral spectrum of rigidities. 
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Thus, by measuring the time of maximum for beams of 
nonrelativistic protons ana & -particles near the Earth, it is 
possible to calculate their ratio Ky (t) at constant rigidity for 
any moment of time with an accuracy factor of Ks which 
characterizes the process of acceleration of particles at the 
source. 


In the relativistic region, the ratio of the flux of protons 
to that of nuclei with Z > 2 at any moment of time should 
essentially be the same as that at the time of their emission 
fromthe source. Unfortunately, experimental data in this 
direction are extremely scanty. For example, on the basis 
of the data of stratospheric measurements conducted by Biswas 
et al. [84] during September 3, 1960 flare, it is observed that 
the beam of g%-particles has a tendency to get enriched with low - 
ener py particles with the passage of time. A more definite 
result was obtained in the work of Biswas et al. [24] for November 
12, 1960 flare. According to [24], the differential spectrum 
of solar particles for energies €, 735 Mev/nucleon had the 
form of a power function and the index was the same for «K- 
-particles and medium nuclei but was about twice the index for 
protons in the energy range of 40-130 Mev/nucleon. This 
diffe rence is explained by the dependence of diffusion ce fficient 
on the energy of the particles. 


By comparing the results of September 3 and November 
15, 1960 flares, Ney and Stein [85] showed that the ratio of 
protons to ®™ -particles or to medium nuclei can change 
considerably (by more than an order) from case to case whereas 
the ratio of the flux of & -particles to that of heavy nuclei 
practically remains constant, 


It should be pointed out the relations mentioned here are 
applicable only to isotropic diffusion in inorganic medium. The 
effect of properties of the source, geometry of diffusion process, 
structure and dynamics of inteplanetary medium on the energy 
spectrum of solar particles is analyzed in Sections 14 and 15. 


In the end, before this Chapter is concluded, let us 
mention some of the review works on generation, propagation 
and techniques of detection of solar particles: L.I. Dorman and 
L.V. Raichenko [86], Obayashi [87], Parker [88], Webber 
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[89], Roederer [90, 91], Lust [92], Sakurai |93], A. N. Charakhch® 
yan and T.N, Charakhch'yan [94], Anderson [95], Pfotzer [96], 
Pieper et al. [97]. 


Supple ment to Section 3.6. At the International Con- 
ference on Cosmic Rays held at Calgary, Canada in June, 1967, 
R.Gall and J. Jiminer reported the results of machine : 
computations of 150 trajectories of protons with energy from 
1 to 500 Mev inthe geomagnetic field. A model of magneto- 
sphere suggested by Williams and Mead (D.J. Williams, 

Mead G.D., J.Geophys. Res., 1965, 70, No.13, 3017) 

was used inthe calculation which was done with the aim of 
determining the cut-off rigidity for Kiruna station at midnight... 
According to calculations, the geomagnetic threshold at 

Kiruna is 47 Mev for the model of central dipole, 104 Mev 

for eccentric dipole and 135 Mev for actual dipole by considering 
the first six harmonics of dipole expansion. On the other 

hand, calculations done by Gall and Jiminer on the basis of the 
model of Williams and Mead gave considerably lower values: 

4+ 1 Mev at night and 47 t+ 2 Mev during day. Gall and 


Jiminer assumed that particles enter the magnetospheric tail 
at a distance of 25 tr and afterwards, channelize in the tail 


‘ina complicated manner. The value of the geomag hetic thresh- 
old at night g, = 4+ 1 Mev is obtained by assuming that the 
intensity of magnetic field in the tail being H, = 40 ¥ . The 
threshold value considerably depends on H,. For instance, 

By, = 22+ 2 Mev at H, = 15¥. Coordinates of the regions of 

the entry of protons of different energies, reaching Kiruna along 
the vertical at noon and midnight at Hy = 40Y, are given inthe 
work of Gall and Jiminer. Asymptotic directions of particles 
reaching Kiruna also depend onthe localtime. The obtained 
results for geomagnetic cut-off rigidities conform better to 

the approximate estimates [74] than to the model of dipole 

field. 


Thus, direct calculations of trajectories of particles 
show that consideration of the effect of the tail of magnetosphere 
actually helps in understanding many peculiarities of the 
behavior of low-energy cosmic rays (including those of solar 
origin) at high latitudes. . 


CHAPTER II 


GEOPHYSICAL EFFECTS OF SOLAR COSMIC RAYS 


The invasion of solar cosmic rays in magnetosphere 
and in the? Earth's atmosphere is accompanied by a number of 
geophysical phenomena which are considered be low. 


4, SOLAR COSMIC RAYS AND RADIATION BELTS OF THE 
EARTH 


Solar cosmic rays can play a role in the Earth's radiation 
belts by the following three possible processes: 1) capture 
of solar particles of the lowest energy in the magnetic trap near 
the Earth; 2) formation of neutrons due to nuclear reactions of 
solar particles in the Earth's atmosphere followed by dissociation 
n-»p +é@+¥; 3) emission of neutrons during chromospheric 
flares with subsequent dissociation n—»pte™ + y in the 
interplanetary space. 


Let us consider some of the experimental data. 


Gauger [1] reported the results of measurements, 
taken in 1962, on neutron flux in atmosphere at depths 160-300 
g/cm®* in the latitude range up to 55°N. It was shown that the 
spectrum inthe region of €.>60 Mev was steeper than the one 
observed in 1959 whereas the spectrum did not practically change 
in the energy interval 10 Mev<é, 60 Mev. Anincrease in 
the flux of neutrons with &, > 60 Mev was observed on July 
21, 1962 in the latitude range of 50-55°N which is related to 
the possible pouring out of protons temporarily captured in the 
region between inner and outer radiation belts. 


Katz et al. [2] studied the effect of a solar flare on the 
outer radiation belt of the Earth. Scintillation spectrometers 
for recording flux of electrons with€, = 0.7-4 Mev and protons 
with €, = 1-4 Mev were installed onthe satellite "Hitch-hiker-1", 
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Data on the effect due to a solar tlare, observed at 0734 UT 

on July 4, 1963, onthe outer radiation belt was discussed in the 
work [2]. In particular, it was observed that at L=5 andA= 55° 
the flux of electrons in the belt decreased by more than an Gade: 
and that of protons by about three times whereas their spectra 
and distribution according to pitch angles practically did not 
change. Restoration-time constant for the flux of electrons 

was approximately equal to 2 days. If the mechanism of loss 
processes rernains unchanged and if the influx of electrons with 
energies &, {Mev fromthe source is also constant, then its 
power should be ~ 1013 erg/sec. Protons are restored ata 
rate slightly less than that for electrons. Disturbances in the 
inner belt ( L<3) were not observed, 


On the basis of the data on measure ments of protons by the 
satellite "Injun-1", Zmuda et al, [30] showed that the inner 
radiation belt practically did not change at the time of arrival 
of solar protons and during the magnetic storm (September 28, 
1961 -October 4, 1961). 


During July 7, 1966 flare event, Krimigis et al. [89] 
conducted simultaneous observations on protons with energies 
0.503-4.2 Mev inside and outside the magnetosphere with 
the help of satellites "Injun-4" and "IMP-1" ("Explorer -33") 
respectively. It was shown that solar protons of this energy 
propagate from interplanetary space to polar regions of the 
Earth very quickly (with a delayg0.5 hour). This quick 
penetration is most probably caused by the anomalous diffusion 
of particles in the tail of the magnetosphere through the 
geomagnetic field. 


The possible contribution of the particles, which are 
produced as a result of solar neutrons, to radiation belts is 
considered in Section 23. 


Dragt et al. [4] estimated the relative contribution of 
albedo neutrons, formed by galactic cosmic rays and solar 
protons, to radiation belts. The important results obtained in 
the work [4] lead to the following conclusions. 1) The flux of 
protons with €;>20 Mev inthe radiation belts can be explained 
by nuclear reactions of galactic particles in the Earth's atmo-~ 
sphere only if the flux of the neutrons were 50 times the value 
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used in [4]. Inthis case, in order to describe the distribution of 
protons along the lines of force of the geomagneticfield, it is 
necessary to consider scattering by magnetohydrodynamic waves 
beyond the limits of the ionosphere in addition to the atmospheric 
scattering. 2) The relative role of solar protons in the same 
range of energies is small. 3) At E,.< 20 Mev, the amount 

of protons in the radiation belts is extremely large so that it 
may be explained by the disintegration of neutrons and therefore, 
it is necessary to consider other scurces. 


The results of calculations of the intensity, spectrum and 
the angular distribution of neutrons produced by solar protons 
in the Earth's atmosphere are referred to in the works of 
Lingenfelter and Flamm [5,6]. Calculations were made for 
protons with €,<10 Mev for different solar flare events and 
also for integral neutron flux during the whole of the last solar 
activity cycle. The spectrum of solar protons was assumed to be 
of the form dI/dR = (dI/dR)ge-R/R, values of Ry and (dI/dR)9, 
averaged for the cycle were found to be 125 Mv and 2 proton. 
em=4 sec-l My-! respectively. The angular distribution is 
approximately described by the dependence of ~ cos"g@ inthe 
case of slow neutrons, it is isotropic at intermediate energies 
and has a maximum at large values of @ in the case of high 
energies ( 0 is the angle relative to the direction of # falling 
proton). The fluxes of albedo and stable neutrons calculated as 
a function of characteristic rigidity R, and geomagnetic cut-off 
rigidity, are in agreement with the available observations within 
the limits of experimental errors, 


5. EFFECT OF SOLAR COSMIC RAYS ON ATMOSPHERE 


5.1 Absorption of short radio waves. Many indirect 
amethods have been developed recently for the measurement of 
solar cosmic rays. These methods mainly involve the observa- 
tion of the following ‘effects caused by the interaction of these 
particles inthe Earth's ionosphere: (1) absorption of cosmic radio. 
noises; (2) scattering of short radio waves; (3) observation of 
minimum reflection frequencies f nin! (4) vertical sounding of 
the ionosphere; (5) propagation of short radio waves from satel- 
lites and spaceships to the Earth; (6) diffusion aurora in polar 
caps; (7) effect of y-rays in the atmosphere, etc. 
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It may be appropriate to mention in this connection that 
the existence of a close relationship between ionosphere pheno- 
mena and solar cosmic rays prompted many research workers 
to have a close look again of the available geophysical data of 
earlier years. In particular, onthe basis of a study made with 
the data on the propagation of radio waves and the results of 
cosmic rays recorded by shielded ionization chamber at Chelten- 
ham, Zirckler [7] arrived at the conclusion that cosmic rays 
generated by the chromospheric flare of September 9, 1937 
reached the Earth between 1200-1230 UT. 


From a study of the data on the vertical sounding of the 
ionosphere at high-latitude stations before 1956, Swestka [90] 
detected 47 most probable cases of polar cap absorption events 
during 1938-55. The comparison of the vertical incidence re- 
cordings with those of the absorption effects during the period 
1956-59 resulted in a uniform and complex distribution events 
during the whole separation of strong absorption events during 
the whole period 1938-63. Onthe basis of the above results, 
absorption effects are predicted ~ about 10 in 1966 and 25 in 
1967-68. Moreover, 30% of these phenomena must be strong. 


Interesting riometric data at 30 MHz were obtained by 
Goedke and Masley [8] in 1962-63 at McMurdo (Antarctica). Two. 
cases of confirmed absorption event inthe polar cap were noticed 
in 1962, The first absorption started at 0700 UT on February 22, 
1962; it continued for almost the whole of the next day attaining 
maximum of ~ 0.7 db. at 1600 UT and ending at 2300 UT. This 
event was also recorded at high northern latitudes (in particular, 
at Thule, Greenland). Simultaneously, magnetic storm was 
observed with a sudden commencement at 0220 UT on February 
22, 1962. It was supposed that these effects were caused by two 
or three class 2 flares which were observed at the eastern limb 
of the Sun between 1200 and 2200 UT on February 19, 1962, 
During the period from 1500 UT on February 20, 1962 and ending 

at 2100 UT on the next day, Zmuda et al.. (2) recorded the solar 
protons having flux intensity I ~ 70-100 cm™% sec™*+ sterad™” in 
the energy range 1 S&, < 15 Mev with the help of the satellite 
"Injun-1", The second case of absorption in 1962 was caused by 
the flare of class 2 with heliocoordinates 02°N, 71°W recorded 
at 1645 UT on October 23, 1962. Inthis case, radio emission 
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of type 1V was observed between 1656 and 1813 UT. The 

time difference betwen the start of the chromospheric flare 

and the beginning of the absorption was of the order of 45 
minutes. The absorption started at 1730 UT on YUectober 23, 
1962, attained a maximum of ~ 1,1 db. at about 0020 UT 

and ended at 1000 UT the next day. The intensity of protons 

in the energy range E.. = 0.5 - 10 Mev and 400 particles 

cm"4 sec! sterad™>. Simultaneously, an increase inthe. 
intensity of protons in the interplanetary space was observed 

by Van Allenet al. [9] on "Mariner~2" and by Bryant et al. 
[1.23] on "Explorer-12" , The absorption of ~ 0.6 db. on 
February 9, 1963 also coincided with the sudden commencement 
of the geomagnetic storm, This event is most probably related 
to actass 2 flare that occurred at 2219 UT on February 6, 

1963 with heliocoordinates 17°S, os°W. Solar protons were 
observed on the satellite “Alouette” simultaneously with the 
absorption of radio waves. A similar case was observed 

on April 15, 1963 with an amplitude ~ 0.9 db and the equipment 
on "Injun-1" satellite recorded at the same time an increase in 
the flux of solar cosmic rays. 


*In September 1963, Masley et al. [10] measured polar 
absorptions at magnetoconjugate points, McMurdo (Antarctica) 
and Shepherd (Canada) using two identical riometers at 30 MHz. 
These stations are situated within the limits of polar caps 
and are both displaced towards geomagnetic poles with respect 
to the zones of polar aurora which provided reliable recording 
on propagation of solar particles. On September 10, 1963, 
the central meridian of the Sun was traversed by the actiye _ 
region which was responsible for a number of flares, outbursts 
of solar cosmic rays, suddenly-commencing magnetic storms 
and Forbush decreases. Increased absorption was observed 
from September 15 to September 29, 1963. Two more powerful 
absorption events (of amplitude ~ 3 db) overlapped the periods 
from 2lst to 24th and from 26th to 29th September 1963. The 
conditions of the experiments enabled us to directly compare the 
day/night effects in the ionospheric absorption since when the 
ionosphere over the station came under the shadow of the Earth, 
the other station came out of the shadow and both the stations 
were simultaneously illuminated by the Sun for afew hours. 
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Masley and Goedeke [11] observed that the riometers at 30 
MHz and 50 MHz installed at the above-mentioned stations 
recorded in all, 12 cases of the beginning of solar cosmic 
rays. Each of these cases and the consequent phenomena at 
the Sun are described in[11]. It follows from the time lag 
between beginning of the absorption and solar phenomena that 
the protons recorded had an energy of & = 10-3¢ Mev (in 
the case of linear propagation). In those casey where the flare 
occurred at the western part of the solar disk, the time lag 
was ie: € than 90 minutes whereas for 50% Of the cases, the time 
lag war more than 99 minutes during maximum solar activity. 
The effectiveness of flares in the western part of the solar 
disk was, to some extent. more thanthe effectiveness of flares 
in the eastern part. The maximum intensity of protons with 


€&, > 0.5 Mev was 10-7000 cm72 sec™! sterad™!, 


Gillmor [12] has studied the data of riometric observations 
at mMagnetoconjugate observatories Mirnyy (Antarctica) and 
Longyearbyen (Spitsbergen, Arctic). During 1961, five 
absorption periods were reco.ded at Mirnyy. About half the 
cases with amplitude of 0.3 db and three fourth with amplitude 
of One db, recorded at Mirnyy,were accompanied by considerable 
absorption effects at Spitsbergen. Considering that frequency 
of events at Mirnyy was ~ 0.08 hour el, it is highly-improba-~ 
ble that the above-mentioned relation is casual. A thorough 
investigation showed that in spite of the general correlation 
between absorption cases, a proper correlation between details 
of the events— shape and amplitude — is not always observed, 
The absorption curves were similar when both the stations were 
simultaneously illuminatéd by the Sun (July 12-16, 196i) and 
a large difference was observed at other times, Similar 
results were obtained during the other absorption events, 
and this convincingly proves that the fluxes of particles at 
conjugate points were equal. 


An increase in the sensitivity of the measuring equipment 
facilitates better detection of even weak fluxes of solar particles 
in the upper layers of the Earth's atmosphere. Gregory /13] 
described a new method of detecting solar protons in the 
lower ionosphere by using a highly-sensitive probe for vertical 
probing of the ionosphere . This probe operates at a frequency 
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of 2.3 megacycles/sec. It helps in recording the flares of 
solar protons having an amplitude much less than that required 
by less sensitive riometers, Moreover, the new method helps 
in obtaining information about the height at which the electron 
density changes. Measurements taken by this method in 1960 
at the geomagnetic latitude of 79°S detected 37 cases of solar 
proton events, The total duration of all of these events during 
one year was not less than 167 days. 


The analysis of ionospheric effects due to solar protons 
allows us to understand the peculiarities of chromospheric flares. 
In particular, it is important to decide whether there exists 
a sharp division of flares into proton flares and usual flares . 
or whether there is a gradual transition from powerful proton 
flares accompanied by the generation of a large number of 
relativistic particles, to medium and weak flares giving rise 
to hardly noticeable increase inthe minimum reflection 
frequency (f,,;:,,) at high geomagnetic latitudes and finally to 
flares for which no effects, are observed in the polar ionosphere. 
With this objective, A.S. Dvoryashin [14] thoroughly analyzed 
the ionospheric data of many stations of northern and southern 
polar caps:during the period between the International Gedphysi- 
cal Year (IGY) and the International Geophysical Cooperation 
(IGC). A number of small increases infmin, connected with 
weak proton flares, were observed. The flares were iidentified 
by considering the nature of the outburst of radio emission. It 
was considered that simultaneous appearance of an outburst of 
radio emission of type IV is the main criterion for the occurrence 
of a proton flare. 


As a result of the study of a large number of solar 
flares and the ionospheric parameter f nin inthe polar cap, 
-Dvoryashin [14] concluded that there was no clear boundary 
between proton and optical flares. This conclusion also follc ~4 
from the analysis of outbursts of radio emission. 


Letfus and Nestorov [15] studied the effect of the flux 
of protons due to May 4, 1960 solar flare on the ionization in the 
D layer. A good correlation was found to exist between ionos~ 
phere absorptions at 27 and 14 kHz and energy spectrum of 
the protons. It was explained [15] that the ionization in the 
D layer due to solar particles from May 4, 1960 flare was 
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mainly by the propagation of protons along magnetic lines of 
force of the spiral-shaped interplanetary field. 


I, N. Odintsova [16] made interesting investigations on the 
ionospheric effects in E and D layers during the chromospheric 
flare events of class 2 and 3 during the IGY. He studied the 
dependence of geoactive flares, which gave rise to ionosphere 
effects in E and D layers, on their positions on the Sun's 
disk and time of the day. It was found that flares during 13-15 
hours local time are most effective in producing ionosphere 
effects. The dependence of the effectiveness of flares on their 
position on the Sun's disk was not detected. Time depdndence 
between beginning of the optical flare in Hy, and the beginning 
of effect in E and D layers was also studied. It was observed 
that the effect im region was observed simultaneously with 
the optical flare whereas the effect in the D layer started some- 
what later. However, there are number of cases when the 
effect in E region starts before the start of the Hgflare. The 
time difference between commencement of the effects in D 
layer and the E layer is of the order of a few minutes. [16]. 

In order to explain this time difference, it has been assumed 
that the soft roentgen (X-ray) radiation of the flares, which is 
responsible for the effect in E layer, originates much earlier 
thanthe hard radiation that affects the Dlayer, Recently, 
a number of authors showed that an increase in the electron | 
density in the Fo layer is also observed during some flares. 
Following are such flares: November 19, 1949; February 

23, 1956; July lu, 1959; November 12, 15 and 20, 1960; 

July 11, 12, 18 and 21, 1961. All these flares were accompanied 
by an increase in the intensity of cosmic rays at the sea level 
or in the stratosphere. 


On the other hand, Knecht and Davies [17] have suggested 
that the effects_in F 2 layer, -just like those in E and D layers, 
are caused not by cosmic rays but, obviously, ‘by unusual 
photon radiation originating due to flares which give rise to 
cosmic rays. Inthis connection, I.N. Odintsova [18] analyzed 
five additional cases of the effects in Fz layer during the 
chromosopheric flares of class 3 and 3+ that were observed on 
September 21, 1957; March 3, 23, and 5, 1958.andon August 
22; 1958. The comparison with the data given by A.S, 
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Dvoryashin et al, [19] showed that only three of these cases, 
namely those observed on September 21, 1957, March 23, 1958 
and on August 22, 1958, were accompanied by the propagation 
of fast proton with €, = 10-100 Mev to the polar cap and 

thus caused polar cap absorption of radio waves. 


Analysis of data on the minimum reflection frequency 
obtained at three high-latitude stations (Hayes Peninsula, 
Resolute and Cape Hallet) by L.S. Levitskii [20] during 1963 
revealed 9 distinc’ ses of increase inf 5j3,.-. Morevoer, 
it was possible to related 8 of these cases unambiguously 
to chromorpheric flares observed on April 15 at 1034 UT 
(class 2, flare), May 1, at 0525 UT (class 2 flare), August 6 
at 0855 UT (class 2 flare), August 9 at 2234 UT (class 1 flare) 
‘September 15 at 0015 UT (class 2 flare), September 16 at 
1300 UT (class 2 flare), September 20 at 2314 UT (class 2 flare) 
and on September 26 at 0638 UT (class 3 flare), All these 
flares were accompanied by outbursts of radio emission in 
a wide range of frequencies half of which belong to type IV out- 
bursts- Invasion of solar protons in the polar ionosphere 
on April 15.and on September 1963 was also confirmed from the 
riometer data magnetoconjugate points McMurdo (Antarctica) 
and Shepherad (Canada) (see [81], [10] and [21)]). 


Wilson and Nehra [22] have observed that only thoge solar 
flares which are accompanied by absorption of short radio 
waves in D layer of the ionosphere at low latitudes give rise 
to the effect in cosmic rays. Now, it has been reliably establish 
ed that these absorptions in the D layer (just like other 
ionospheric effects associated with additional ionization of D- 
layer at low latitudes) are cause’ by the outburst of X-rays 
of wave length A < 8A, B.M. Viladimirskii and A.K. Pankra- 
tov [23] by using different techniques of analysis and processing 
of data obtained during IGY and IGC ror flares of diffe rent 
classes, and ttKer associated ionospheric effects have also 
confirmed the results obtained by Wilson and Nehra [22]. It 
was shown that all the chromosopheric flares accompanied 
by significant increase in ionospheric absorption do not give 
rise to an increase in the intensity of cosmic rays. Existence 
of a relation between X-ray radiation of flares (A < 8:A, 
hv 2 1.5 kev) and relativistic part of the spectrum of solar 
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particles (€21 Gev) can, in principle, be understood by 
assuming, firstly, that the X-ray radiation responsible for 
ionospheric effects is mainly due tothe retardation of super 
thermal electrons (synchrotron radiation of these electrons 

ig possibly observed as radio outbursts of type IV) and secondly, 
that the electrons responsible for X-ray radiation are accelera- 
ted during the growth phase of the flare to same velocities 

as those of nuclei or their secondaries (in both the cases, the 
ratio of average energies of the nuclei and electrons will 
obviously be equal to the ratio of their masses). Thus, from the 
above point ot view, the presence ot a outburst ot X-ray 
radiation testifies tothe ..*tence of electron component of 
solar cosmic rays. 


Important results about the relation between X-ray 
radiation and the effects of chromospheric flares in cosmic 
rays were obtained by B.M, Viadimirskii and A.K, Pankratov 
[24] by comparing the ionospheric effects to small (< 1%). 
incréases in the intensity of nucléon component at sea level. 

It was shown that; (1) on an average, more significant 
increases in cosmic rays at sea level correspond to stronger 
effects in the D layer of the ionosphere; (2) the appearance 

of inareagsed absorption in,D layer, which is due to the beam of - 
X-ray radiation of A¥8- ‘A, is the necessary but not sufficient 
condition for the origin of a small effect in cosmic rays at sea 
level. 


A,S, Dvoryashin [25] considered the peculiarities of 
X-ray radiation due to proton flares, His study is based on the 
investigation of time variations of ionospheric effects correspond-~ 
ing to the proton flares. The increase in the hardness of the 
Spectrum of the X-ray radiation hag} been established for 
a number of flares This radiation most probably originates 
during the retardation of high-energy protons in the dense 
layers of the chromosphere (unstable radiation). It is interesting 
to mention that emission of X-ray radiation from the active 
region of the Sun has been observed [25] for a number of powerful 
flares only after the brightening of the flare inthe Hy has 
been practically reduced, Obviously, this radiation is stable 
and has its source on plasma, existing in the coronal condensa- 
tions. Moreover, the extension of the brightening in Hg to the 
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spot or penumbra of the spot at the time of maximum of the 
flare points out the fact that the mechanism which excites 

the brightening in Hg, is situated in the magnetic field. Since 
the outburst of centimeter radio emission which is 

due to synchrotron radiation of electrons, attains maximum 

at the same time, the transient process leading to the 
accéleration of particles and heating of the plasma, is also 
believed to be localized in the magnetic fields. 


Recently, Wilson and Nehra [26] detected a small increase 
in neutron component at the Sulfur station (geomagnetic 
latitude 58° N) and not so reliably, at the Resolute 
station (839° N). These increases were caused by powerful 
solar flares accompanied by absorption of short radio waves 
known as short wave fade-outs (swf), Some of the fade-outs 
are also accompanied by another effect known as the so-called 
geomagnetic crochet which is due to the increase of electron 
density inthe ionosphere. Thie effect is caused due to the © 
sudden change in geomagnetic field corresponding to the increase 
of currents in the lower ionosphere. Since flares of cosmic rays 
and geomagnetic crochets are correlated to fade-outs, it is 
important to explain if there exists any specific relation 
between them. Warwick's calculations [27] show that at Sulfur 
station, cosmic rays flare which also produce the crothets, 
should have an amplitude of 0.065 % whereas observations show 
it to be 0.2-0.3%. Onthe other hand, it is known that small 
outbursts of cosmic rays are usually revealed during the 
Statistical analysis of the ionospheric effects of a large number 
of solar flares. If the increase is caused only by the effect 
of crochet, the calculated amplitude must be more than the 
observed one. Otherwise , it is difficult to explain the fact that 
some flares are accompanied by fade-outs and not by geomagnetic 
crochets. Thus, it is less probable that the increase observed 
at Sulfur station can be fully explained by the effect of geomagne- 
tic crochet. Fven then, the effect of the crochet is very . 
significant and it cannot be neglected while analyzing smail 
increases in the intensity of cosmic rays, 


Similar conclusions were drawn in the same work [26] 
from the results of statistical analysis of solar flares of class 
“‘% 2 observed during 1959-60. During this period, 85 flares 
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accompanied by fade-outs were recorded: and 60% of these 
flares were observed during the time when it was night at Sulfur 
station, It was shown that one out of every three short wave 
fade-outs is related to the effect of magnetic crochet which 
however can only be observed during day time. Thus as 
mentioned earlier in [26] , the effect of crochet on the counting 
rate of neutron monitor at Sulfur station must have an amplitude 
of approximately 2% so that it may be possible to explain the 
0.25% increase in the intensity of nucleon component as 
mentioned by the authors in [22]. However, due to certain 
reasons, it is assumed in [26] that the effect of crochet has 

a value less than the amplitude of the increase in nucleon 
component, mentioned in [22], by two orders. Moreover, time 
scales of the effect of the crochet are considerably less than 
the duration of the increase to the maximum value of the 
intensity af cosmic rays. Thus, the increase in the intensity 

of cosmic rays can obviously be explained by the propagation of 
the solar particles to the Earth without giving rise to the 
magnetic crochet effect. However, the effect of geomagnetic 
crochet on neutron component is not eliminated during years 

of minimum solar activity and may be detected from the data 
recorded by supermonitors, 


The relation between solar flares and geomaguetic 
crochets was also studied by Pinter [28]. In all, 29 cases 
of the occurrence of the crochet during 1964-65 were studied. 
Two maxima in the frequency of the occurrence of this effect 
(1957 and1960) were also observed. It was shown that the geo- 
magnetic crochets that are related to powerful proton flares are 
observed at stations separated by < 5-6 hours with respect to 
the subsolar point. As a result of the analysis {28], it was 
confirmed that solar X-ray radiation which has.an effect on the 
mechanism of producing crochet reaches the D layer. 


A large amount of data on absorption inthe polar cap 
Suring the year 1952-63 were analysed by Dodson and Hedeman 
[29} in order to unde rstantthe periodicity of these events and 
relate them to the average period of rotation of the Sun (~ 27.3 
days) and the Moon ( ~ 29.5 days) . Im the latter case, a-elear 
deviation from the arbitrary distribution was observed. It is 
still not clear whether the observed 29.5 day effect is 
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related to the Sun and the Moon or is only a statistical random- 
ness. 


Van Allen et al [30] studied the relation between the 
absolute flux of solar protons and the amplitude of polar 
absorptions. Eight different cases of increase in the flux 
of solar particles during 1960 were studied. The investigation 
was made with the data obtained by the satellite "Explorer-7" 
which measured the tofal intensity of particlesI ( > &), 
where & = 30 Mev for protons and 120 Mev for & -particles. 
Data on simultaneous riometric measurements of the absorption 
amplitude A of cosmic radio noise at a frequency of 27, 6 
MHz at Thule and College stations were used for comparison 
purposes, Values of A/I, and I,/A° = H,were calculated 
‘as functions of kinetic energy E, for monoenergy protons and 
a-particles separately. It was shown that various narrow 
ranges of the values of experimental parameter Hy can 
correspond to three different possibilities: atmospheric 
absorption is mainly used by particles having energies 1) f. < & 
2) €.& E.. or 3) E.> E.. For the different cases, the observ- 
ed values of Hy change from 40 to < 107° db=* cm™@ sec™!, 
During a given event, Hy either remains constant or decreases 
(sometimes considerably). It follows from [30] that polar absorp 
tions are mainly caused by the complex beam of protons of 
ener gy é,.< 30 Mev and a-particles with E2120 Mev or 
independently by beams of these particles having the same 
energy. Fora given event, the shape of the Spectrum for the 
given values of the energy changes considerably for different 
cases and has a tendency to remain the same or become steeper 
with the passage of time ). 


In the translated collection edited by Ya. 1. Fel'dshtein 
[31], there ‘are 11 articles describing the set of geophysical 
phenomena related to ionospheric poker cap absorption (PCA), 


A number of important results.on the nature of propaga- 
tion and accumulation of high-energy solar particles in the 


*) By analyzing minimum reflection frequencies (f,, j,), dala of riometers 
and magnelometers during some proton flares for a number of stations 
situated at geomagnetic latiludes of 50-700, Lichtenstein [91] showed that 
the moments of commencement of the phenomena change with time tn an. 
arbilrary manner. It is so owing to different times of propagation of 
groups of particles having different energies. 
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interplanetary space and the effect of the Earth's geomagnetic 
field on the motion of these particles have been obtained by 
Leinbach [32] in his voluminous work, which was based on the 
analysis of data obtained by riometer on time variations of ; 
polar cap absorptions. Holt [33] analyzed the data of riometric 
observations obtained at some stations at a frequency of 

27.6 MHz during the years 1958-62 Hargreaves et al,[34] 
using the riometer data on 26. 5 MHz at the South Pole during 
the period December 1962- April 1964, studied the events 

of auroral absorptions which are most-clearly observed during 
00. 00-0300 and 1400-1500 UT which correspond to ~ 10 and 
21 hours local geomagnetic time. 


Peculiarities of auroral absorptions at the South Pole, 
observed in [34] during day and night hours of local geomagnetic 
time, are explained by the change inthe characteristics of high- 
energy particles invading the ionosphere. 


From a study of riometric data obtained during 196] -63 
at some stations at Alaska, Parthasarthy and Berkey [35] 
attempted to explain the morphological peculiarities of suddenly- 
commencing absorption (absorption of the type F). A study of 
the seasonal and daily variations in the number of ahsorptions 
of this type has been made. The maximum number of absorptions 
is observed during the autumnal equinox and the minimum 
number before the vernal equinox; a daily maximum is ob¢erved 
at midnight. The amplitude distribution of the number of .type 
F absorptions has also been obtained. The decrease of cosmic 
noise by 1.5-2 db is observed most often. An analysis of type 
F absorptions at different frequencies in the range 5-50 MHz has 
also been made with a view to study the electron concentration 
at different altitudes inthe lower ionosphere. It has been 
concluded that the energy of the corrrsponding primary particles, 
during the absorption time is by a few orders more than that 
of particles giving rise to aurora. 


Haku ra [36] calculated the correeted geomagnetic coordi- 
nates of 100 high-latitude ioneopheric stations by considering 
higher harmonics of dipolar series. Two typical cases of polar 
cap absorption observed during February 10-12, 1958 and 
May 6-8, 1960 were analyzed with the help of these coordinates, 
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Blackout isolines, having oval shape in the system of coordinates 
related to central dipole, became absolutely circular in the 
corrected system and that made it possible to unambiguously 
define cut-off latitude of the solar particles giving rise to 

the absorption. This latitude is well in conformity with the 
latitude distribution of solar particles obtained from satellite 
data. 


Onthe basis of numerous data obtained during May 
1957 and May 1960, an attempt has been made inG.M. 
Khocholava's works [37, 38] to ascertain the factors that define 
the distribution of the two types of abnormal polar cap absorption 
~~ simultaneous and gradual -- as suggested by many authors. 
In the case of the first type of absorption, there will be small 
delay between the beginning of a chromospheric flare and 
simultaneous extension of absorption to the whole of the polar 
cap whereas in the cage of second type the absorption starts 
at one or a few stations and gradually covers whole of the polar 
cap but the absorption at the initial stages (sometimes even 
during the first 10-15 hours) is complete (only the level of 
. minimum reflection frequency is raised). As aresult of the 
detailed analysis, it is shown in [37, 38] that, for differentiating 
the two types of absorptions, AV = 10 hours should be considered 
as the limiting value of the time lag of arriving particles 
with respect to a solar flare. Here, it is not the heliolongitude 
of the flares giving rise to abnormal absorption but:the dimen« 
sions of the magnetic trap of the corpuscular beam ithe deciding 
factor. The dependence of the time lag AT (hours) on the 
intensity of the magnetic field of the trap H, (gamma) can be 
described as AT = 1.28 exp (0.4 H,). The correlation coeffi- 
cient for the values of AAT and magnetic field of the trap is 
equal to 0.92. 


The relation of polar absorptions with the nature of the 
interplanetary magnetic field and Forbush decrease in the 
intensity of cosmic rays is considered by a number of authors. 


Haurwitz et al. [39] studied the dependence of altitude 
distribution of polar cap absorption and Forbush effects on the 
heliographic longitude of the corresponding flares.~ Large 
increase in absorption during the period of sudden commence-~ 


60 


GEOPHYSICAL EFFECTS OF SOLAR COSMIC RAYS 


ment ¢f‘the magnetic storm and strong Forbush effects are 
caused almost exclusively by eastern and central flares. In 
this connection, it has been assumed that plasma, moving from 
flares has a deciding role in giving rise to the asymmetries 
in the interplanetary magnetic field with respect to the Sun- 
Eerth line. It is shown that this asymmetry arises as a result 
of the interaction between widening solar plasma and quiet 
spiral-shaped magnetic field. Obviously, this asymmetry 

is the main cause of the difference. between the phenomena in the 
polar cap and Forbush effects related to eastern and westem 
flares. 


Swestka [40], verified and critically selected cases 
of radio outbursts of type IV and polar absorptions and 
compared them with Forbush effects observed during 1956-63. 
A clear predominance of flares of the western hemisphere of 
the Sun for the cases producing intense absorptions and of 
eastern hemisphere for strong Forbush effects is observed. 
This result indicates the asymmetrical distribution of magnetic 
field in the cloud of ejected particles and the presence of a 
clear magnetic boundary on the west. 


Gosling [41] observed that absorptions after the sudden 
commencement of the storm are accompanied by Forbush effects 
considerably stronger than the absorptions before thé storms. It 
follows from this that corpuscular beams in the first case 
carried strong magnetic fields with traps of solar cosmic 
rays, Moreover, the delay in the commencement of the 
storm with respect to the flare in the first case is significantly 
less than that in the second case. 


The relation between the peculiarities of propagatinn of 
solar cosmic rays and characteristics of geomagnetic storms 
is.analyzed in 4 number of works. In particular, Yoshida 
and Akasofu [42] considered the dependence of the characteris- 
tics of storms of cosmic rays (Forbush decrease) and 
geomagnetic storms (K, and Dg.) on the distance from the 
central meridian of the corresponding solar flares . The storms 
are grouped together according to the characteristics of 
preceding solar particle flares. It may be mentioned that the 
"center-edge" effect can be obgezved only by grouping the 
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storm inthis way. By considering this effect, it was shown 
that solar flares , which were related to an unusual increase 

in the intensity of cosmic rays, contain the most energetic solar 
particles, impart maximum amount of energy to magnetic 
storms and give rise to the strongest Forbush effects. 


Bhargava and Subrahmanyan [43] studied the relation 
between amplitudes of sudden geomagnetic storm commencements 
and the other associated characteristics of solar flares such 
as radio and optical radiation, energy of generated particles, 

It was shown that all the cases of sudden commencement with 
amplitude more than some threshold minimum at a given 
mid-latitude station, were related to the events of the 
appearance of solar cosmic rays. The dependence of the time 
of propagation of plasma, giving rise to the magnetic storm, 

on the position of flare on the Sun's disk is also studied. The 
question of the increase in the amplitude of sudden commence- 
ment in equatorial regions is considered as well. The ampli- 
tude characteristics of the sudden commencement events 
have been used for identifying about 50 cases of the origin of 
solar cosmic rays during the cycles No,12-18 of solar activity. 


Keppler [44] studied the effect8 which sometimes pre- 
cede the sudden commencement (SC) of the geomagnetic 
disturbance, In particular, the data obtained at Kiruna station 
before the July 13, 1961 SC, arising as a result of the July 
12 solar flare, are analyzed in detail, A gradual increase in 
X-ray radiation (Ey < 100 kev) which started about three 
hours before SC was observed. The intensity of Mnray 
radiation before the SC increased up to 80 photon mS sec? 
stetad~! and at the time of SC, it abruptly increased to 10° 
photon.cm=2.sec7!. sterad7!, The increase in the flux of 
X-ray radiation before the SC is explained as due to the 
emission of radiation caused by retardation of electrons having 
an energy of a-few kev; flux of such electrons must be of the 
order of 109-1010 electron.cm*™2 sec7! An analysis of the 
observations also showed a gradual increase in the flux of 
protons with an energy of a few Mev before the SC. After the 
SC, the flux of these protons suddenly decreased, increased 
very quickly to a still higher value and then gradually decreased 
to the normal level. It was assumed that the high-energy 
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electrons, which gave rise to the increase in the flux of X-ray 
radiation and protons, appeared in the interplanetary space as 
a result of the acceleration between standing shock wave front 
before magnetosphere and the moving shock wave front which 
appeared at the front edge of the plasma cloud which was 
ejected out of the region of the flare. This assumption, was 
first put forward by Axford and Reid [1.62] and later confirmed 
by observation. For explaining the proton effects after the SC, 
it was assumed that protons with energy of a few Mev exist 

in the plasma cloud itself. Diffusion of these protons from the 
cloud contributes most to the proton flux after the sudden 
commencement of a geomagnetic disturbance. 


Obviously, the magnitude of the absorption effects should 
considerably depend on the spectrum and composition of the 
solar cosmic rays. Let us review some of the works where thi 
dependence is studied. 


Velinov [45] obtained a formula for electron density 
due to cosmic rays at a height in the lower ionosphere but 
his formula is applicable only to particles with &) > 3-4 Gev/ 
nucleon. However, particles even with less energy penetrate to 
geomagnetic latitudes > 55°. Moreover, the cut-ott rigidity 
may be reduced during disturbances (for example, in the case 
of chromospheric flares accompanied by ejection of particles 
and by geomagnetic storms) and in such cases, particles, 
with energy considerably less than 3 Gev will propagate to 
medium latitudes, These particles intensify ionization even at 
medium latitudes. In this connection, Velinov [45] suggested 
another. more general formula for arbitrary index of the spec-~ 
trum of cosmic rays which is applicable within a wide range 
of energies (algo of solar protons), The lower limit of the 
applicability of the formula is limited energiee of the order 
of a few kev when other ionization mechanisms start playing 
the leading role. 


According to Freier and Webber [UI. 6], the rigidity 
spectrum of the solar particles inthe energy range froma few 
kev to a few Mev can be expressed as D(R) ~ exp (-R/R,) where 
rigidity characteristic Rg changes from 0,03 to 0.2 Gv. In 
particular, the mathematically simple form of tha spectrum, 


63 


L.J. DORMAN AND L.1. MIROSHNICHENKO 


applicable within a wide range of energies, facilitates quantitative 
analysis o1 1onospheric effects of solar cosmic rays. For 
example, in another work of Freier and Webber [46], the 
observed electron density profiles in the ionosphere were 
compared with the profiles calculated from the data of balloon 
measurements encosmic rays. lonospheric measurements 
were conducted at geomagnetic latitudes of 70° with the help 

of riometer which records the absorption of the radio waves 

of frequency 30 MHz. Electron densities predicted on the 
basis of ionospheric parameters and on the basis of exponential 
rigidity spectra [II1, 6] are well in agreement with the measured 
profiles. In the case of certain flares, application of Kane's 
[47] collision frequencies Y in the ionosphere along with the 
expected electron densities gives absorption values less than 
the observed ones. Obviously, this difference is explained by 
the role played by solar 4-particles. The events of May 
10-12, 1959, July 10-17, 1959, September 3, 1960, November 
12-17, 1960 and of July 18-20 , 1961 are analyzed in detail. 


For estimating the relative role of the solar & -particles 
in producing polar absorption, Weir and Brown [48] also made 
use of exponential rigidity spectrum [III. 6] for a number of 
strong absorption events. In order to get absolute values of 
ionospheric parameters, computations were made on the basis 
of experimental data on flux, spectrum and relative composition 
of solar cosmic rays. The rate of formation of electrons, 
their density and specific absorption versus height were calcula- 
ted for a beam of solar particles co ntaining equal amounts of. 
protons and & -particles (p: & =1) for a station with cut-off 
rigidity Ryjin = 470 Mev. The results obtained show that 

& -particles at the ratio p: & =1 give rise to about 75% of the 
tonospheric absorption. Commencing from an altitude 
h 2B 50km, the rate of formation of electrons as a function of 
altitude is less by about one order in the case of purely 
proton beam than that for a beam of only & -particles. 


As mentioned by Brown.[49] , the assumption of an 
exponential form of rigidity spectrum for solar particles, toa 
great extent, eliminates the difficulties involved in the explana: 
tion of latitudinal effect of polar absorptions. However, the 
question of the magnitude of absorption remains unsolved 
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especially for magnetically quiet days. This is because the 
model of ring currents, suggested by Kellog and Winckler 
[1.66] for a magnetic storm, is not suitable for explaining | 
small local cut-off rigidities. Thig drawback can apparently be 
compensated by conside ring the role of the solar & -particles 
in the ionization process of the upper atmosphere, Computation 
of Weir and Brown [48] showed that a considerable fraction 

of absorption can actually be explained by solar X-particlee. 
However, this result is obtained by extrapolating the rigidity 
spectrum of protons and & -particles to the regions where the 
rigidities are lower than those accessible to measurements. 


In the absence of additonal data on solar cosmic rays 
in the region of low rigidities, it is interesting to consider 
other effects in addition to ionospheric absorption for explaining 
the validity of this extrapolation. It is all the more desirable due 
to the fact that absorption calculations must take into account 
certain processes (ionization, recombination and absorption) 
each of which has its own uncertainities. Some of the new 
possibilities in this direction help in observing photon emission 
in the atmosphere during solar flares. 


5.2 Polar-glow aurora. With the aid of spectrographic 
observations at high geomagnetic latitudes during powerful 
flares of solar cosmic says, Sandford [50,51] showed that the 
bombardment of polar :atmgsphere is accompanied by weak 
optical illumination (the so-called polar-glow aurora) whose 
intensity is sometimes comparable to the intensity of Milky 
Way. The maximum intensity of this radiation is observed at 
a height of about 65 km. The polar-glow aurora is usually 
attributed to one of the negative transitions in the ionized nit ro- 
gen a ae N, + (for example, the transition with wave-length 
of 3914A). This effect tas extremely slow time variations 
similar to the variations in the absorption of cosmic radio 
noise in the polar cap. The intensity of the radiaion is a direct 
measure of the energy carried by solar particles to the atmos- 
phe re. 


Brown [52] calculated the expected intensities of 3914 A 
line on the basis of the exponential rigidity spectrum [ID. 6] 
and compared the obtained results with Sandford's observations 
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[50,51]. The time variations of the radiation are well in 
agreement with the calculated results whereas the observed 
intensity of the radiation is about 10 times the calculated 

value. These differences are apparently related to the uncer- 
tainities in the spectrum of solar particles,to the absolute cali- 
‘bration of spectrograph etc. Ionization profile calculations, 
made by Brown [52] in connection with the study of polar absorp-~- 
tions, show that the ionization (and excitation) processes are 
mainly limited to dense atmospheric layers. In particular, the 
radiation due to 3914 A line arises below 100 km. It is‘in 
conformity with Standford's observations [50, 51] in which the 
increase in the intensity of twilight illumination in 3914 A 

line was not observed during the time of absorption events 
when the atmosphere below 100 km is illu™ninated by the Sun, 


6 The presence of the forbiddén line of atomic oxygen 5577 
A is another important characteristic of polar-glow aurora. 
This line gives rise to more irregular time variations as 
compared to 3914 A line but, in general, they are similar at 
least before the comraencement of the magnetic storm caused 
by the chromospheric flare which is responsible for the outburst 
of cosmic rays, After the commencement of the storm, 


5577 A line is more intense than 3914 A line mainly owing to 
the propagation of plasma chmid tothe Earth, Upto the. 
commencement of the storm, the intensity of 5577 A” line 


is however 1/5 that of 3914 A’ line. This conclusion was drawn 
by Standford [50,51] on the basis of ohservations on absorption 
events during July 1959. 


The number of particles coming into the atmosphere 
at a given station depends on the local value of cut-off rigidity. 
However, since protons and @- particles with the same rigidity 
have different absorption mean free paths in air, the degree 
of ionization (and excitation) at a given altitude may considerably 
change depending upon the relative content: of protons and 
“- particles in solar cosmic rays. Morgover, for a given flux 
of particles the degree of ionization (and excitation) at a 
particular altitude will depend on the form of spectrum, namely,. 
on the rigidity R, in the exponential spectrum [LII. 6} 


As already mentioned, the emission of 3914 A line is 
caused by permicsible transition in ionized nitrpgen molecule 
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from a state excited simultaneously with N, ionization, so 

that the profile of this line followed closely the ionization 
profile obtained by bombarding the Earth's atmiosphere with solar 
particles. On the other hand, the emission of 5577 A line is 
caused by forbidden transition 01. Since the metastable state 
which gives rise to this radiation, is strongly disturbed due to 
collisions in the dense layers of the atmosphere, the profile 

of 5577 A line is conside rably shorter than the profile of 

3914 R ine. Thus, the ratio of intensities I (5577 & if 

I (3914 &; =kcan serve as a measure of the amount of energy 
dissipated in an extremely limited layer at an altitude of about 
90 km. As shown above, this ratio depends upon the composition 
and form of the spectrum of solar particles and therefore, can 
change during the same event or from event to event [52]. 
According to Brown's estimates [52], the presence of & particles 
in the spectrum of solar cosmic rays increases the ratio k and 
at the same composition but steeper spectrum, the value of 

k also increases. A change in the composition and spectrum of 
solar’ particles during a given event independently leads to an 
approximately the same change in the value of k. Energetic 
beams, necessary for exciting the polar-glow aurora téa 
noticeable intensity, were observed only during powerful polar 
absorptions, for example, during May-July 1959 and November 
1960. In other less intense cases, it is hardly possible to 
expect aurora whose intensity may be more than that of night 
sky. On the basis of the caiculationgs done by Brown [52], it is 
concluded that the intensity of 3914 A line depends on the flux 
of energy carried by solar cosmic rays whereas 5577 A 
radiation is much more sensitive to the changes in the composi- 
tion and rigidity R, in the spectrum of solar particles since this 
radiation arises as a result of some processes taking place in 
the limited atmospheric layer. 


5.3 Generation of y-radiation in the upper layers of 
the atmosphere. The y-radiation apparently originates as a 
result of nuclear reactions between solar particles and the 
Earth's atmosphere. Sucha radiation was recorded for the 
first time on balloons by Hofmann and Winckler [53} and 
Keppler et al. [54] during the middle of July, 1961. 


During the experiments undertaken by Hofmann and 
Winckler [53] during July 12-14, 1961 over Churchill (68.7°N), 


67 


L.1I1. DORMAN AND L,I. MIROSHNICHENKO 


the recorded photons had & = 20-60 kev which is significantly 
higher than the energy of X-rays accompanying the polar 
auroras. Low-energy protons mes poneibte for Y-radiation 
were apparently generated by class a0 flare at 1000 UT on 
July 12, 1961. This was confirmed by the satellite "Injun-1* 
which recorded solar protons withE,?!.5 Mev at a distance 

of about 1000 km fromthe Earth's surface. Their intensity 
increased right up to the arrival of the corpuscular beam to the 
Earth which caused a magnetic storm with a sudden commence- 
ment at 1112 UT on July 13, 1961, From this it was assumed in 
[53] that there could have been weak capture of low-energy 
protons near the forefront of the beam. According to the data 
obtained by "Injun-1", satellite, the decrease in their intensity 
in the Earth's environment continued for a few days. 


According to observations made by Hofmann and 
Winckler [53], the penetration of y-rays with & >60 kev is 
similar to the penetration of photons with © =20-60 kev. From 
this, it can be concluded that the recorded photons are formed 
in nuclear reactions of low-energy protons at the atmospheric 
boundary and actually have an energy of the order of a few 
Mey and a very steep spectrum; but they lose only an insignifi- 
cant fraction of their energy in the crystal of scintillation 
counter. . 


Simultaneously with the commencement of the magnetic 
storm, in addition to y-rays with &€ =20-60 kev, a 
Significant flash of low-energy photons of duration of nearly 
6 minutes was recorded over Churchill. These photons most 
probably represent retardational X-ray radistion of electrons 
which is related to s9me unknown mechanism of abnormal 
acceleration of electrons in the Earth's surroundings. The 
electron flux, necessary for the formation of these photons, 
will be of the order of 109 cm=2.sec™!. In order to explain 
the recorded flash of photons by nuclear reactions in the 
atmosphere, it is necessary to postulate some very complicated 
acceleration mechanism, within extremely rigid limitations, 
on the behavior:of protons trapped near the front of magnetic 
cloud which had given rise to the geomagnetic storm. 


Balloon measurements conducted by Keppler et al. 
[54] during the same period at Kiruna (Sweden, 65.3°N)’ 
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confirm the results obtained at Churchill. It is interesting to 
note that similar measurements at Minneapolis (55. 1°N) gave 
negative results. This can be expected by explaining the 
Y-radiation only with the help of low-energy protons, since the 
geomagnetic field at Minneapolis allows the particles with 
£,.2400 Mev to pass under normal geomagnetic conditions. 
On the other hand, the geomagnetic threshold at Churchill is 
apparently of the orderof only a few Mev. 


An account of the basic methods and results of the inves- 
tigation on ionospheric effects of solar cosmic rays is given in 
Bailey's detailed review article [17] in which works published 
up to January 1964 are included, 


5.4 Solar cosmic rays and isotopic composition of air. 
Some amount of radioactive isotopes (C14, H3, Be’, P32, 
S35, C139, K 40 , etc,) are formed in the Earth's atmosphere 
due to nuclear reactions of cosmic rays. Recently, Craig 
[55], Begemann and Libby [56] 3 showed that the measured 


production rate of tritium H? was considerably higher than that 
expected On the basis of the generally adopted intensity of cos- 
mic rays. 


In order to explain the abnormally high content of tritiur 
in the Farth’s atmosphere, Begemann [57] suggested that , 
in addition to nuclear reactions of normal beam of cosmic rays, 
following two sources also must be considered; (1) propogation 
of high-energy tritons generated at the Sun, and (2) additional 
formation of tritium by low-energy component of cosmic rays 
during minimutn solar activity. Simpson [58] drew the attention 
to one more powerful source of tritium H3 and radioactive 
carbon C!4 namely, the arrival of solar protons which are 
caused by chromospheric flares, to the Earth in the region 
of high latitudes. Solar flares of class 3 and 3* are a source 
of powerful beam of solar protons with €&), = 80-400 Mev, 
average integral spectrum ~ €,"~* and with total flux of 
~ 104 proton cm72 sec~! at the boundayy of the Earth's atmos- 
phere. About 30 such events were observed.during the last 
cycle of solar activity. Considering that the average energy 
of primary particles of a normal beam of cosmic rays is about 
4 Gev and taking 100 Mev for solar protons, we find that the 
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production of H3 and Ccl4 per particle of solar cosmic rays is 
less than that per particle of galactic cosmic rays by 20 times. 
On the other hand, considering that the solar protons are 
emitted for about 0.0] times of the total time, it can be shown 
that the average rate of production of H3 and C 14 in the Earth's 
atmosphere by solar protons can be about 3.5 times the rate 

of production of these isxtopes by a normal beam of cosmic rays. 
According tg the data analyzed in[1, 2], the spectrum of solar 
protons is stretched in the region of sufficiently low energies, 
and becauSe of this the total flux of protons at the atmospheric 
boundary in the region of polar caps can be even more than that 
adopted by Simpson [58]. 


Isotope C!4 originates in the atmosphere during the 
interaction of neutrons of galactic cosmic rays with the 
atmospheric nitrogen. According to Ping cntelte® and Flamm 
[59], the average production rate of C!4 is 2.5 atom.cm ~2 
sec” whereas the dissociation rate ig equal to 1, 8-2.0 atom. 
cm”* sec~!, It is assumed that the secondary neutrons, 
produced by solar protons during strong chromospheric flares, 
can be the additional source of formation of C14, The role of 
solar protons was computed from an analysis of the data on their 
spectrum and intensity during 1956-61; moreover, in this 
case, the exponential spectrum of rigidity was used for the 
analysis. The value d1/dR=2exp(~R/125) proton.cm72 wsecrl, 

Mv -4 or 1{ >100 Mv) =4 proton. cm -2 sec~! was obtained 

for the average flux during a solar cycle. These data were 
used for calculating the equilibrium distribution of neutrons 

in the atmosphere with respect to height and latitude. Thus, 

a value of 0.44 atom. cm*2 sec™! was obtained for the produc- 
tion rate of C14 in the polar regions, This value with an 
accuracy of + 10%, remains constant for cut-off rigidities R& 
400 My and later on decreases to ~ 0,04 atom, cm™2Z.sec”™ 

at Rw 1,1 Gv. The average production rate of C!4 is approxi- 
mately equal to 0.05 atom.cm™4.sec™! for normal dipolar 

field and it increases to 0.12 atom.cm~2.sec™! if one conside r¢ 
the decrease in cut-off rigidity during certain flares of solar - 
cosmic rays, It may be mentioned that the obtained values for 
the rate of production of C!4 by solar protons are within the 
limits of the error in the determinaticr of the rate of production 
of C!4 by galactic cosmic rays, It aiso follows from the 
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calculations [59] that a deviation of 1-14% in the content of cl4 
observed from year to year, cannot be explained by the effect 
of solar cosmic rays. 


Thus, from all the available information considered 
in this Section, it is not possible to estimate the actual role of 
solar cosmic rays in the isotopic composition of the Earth's at- 
mosphere without undertaking additional investigations. Even 
then, some effect of solar particles on the change in the 
isotopic composition, undoubtedly, exists. 


6. THE NATURE OF THE EFFECT OF SMALL FLARES 
OF COSMIC RAYS: 


The relation between the observed ionospheric 
effects and small ( 41% in the neutron component) increases 
in the intensity of cosmic rays at the sea level has already 
been mentioned in Section 5, It is known that even very powerful 
solar flares do not give rise to noticeable increase in the 
intensity of cosmic rays. Therefore, it is very important 
to explain as to why the remaining solar flares generate high- 
energy particles. Some information on this problem can be 
obtained from a statistical analysis of small increases inthe 
intensity of cosmic rays in relation to other helio- and geo~ 
physical phenomena. 


The effect of weak chromogpheric flares on neutron 
component was studied by many authors (see the review in 
{1.2]). However, their results do not agree among themselves 
completely. A large number of new papers have appeared 
recently. In particular, L.1. Dorman et al, [60] studied the 
effects of increase in neutron component for 165 chromo- 
spheric flares of class > 2 during the years July I957- 
December 1958 for magnetically quiet days by the superposed 
epoch method, The analysis of the data of 23 dtations has 
revealed an increase in the intensity of flares within the limits 
0.0-0.2%. The effects of flares, accompanied by absorption 
of type II which indicated the arrival of low-energy particles 
at high latitudes, were also studied. With this end in view 
20 most powerful chromospheric flares=--14 of class 3 and 3+ 
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and the rest of class 2 and 2? -- were selected. The increase 

in the neutron component was found to be 2.5% for medium - 
and high-latitude stations, and 1% for equatorial stations. It 
follows from this that the low-energy as well as the high-energy 
particles are generated during flares accompanied by absorption 
of type Il, This fact allows us to draw a number of important 
conclusions. The appearance of type Ill absorption indicates 
that favorable conditions exist for the generation of low-energy 
particles and also for their propagation through the interplanetary 
space to the Earth. The small effect due to high-energy 
particles points out to the fact that an acceleration mechanism 


Operates in the region of flares which gives rise to a very steep 
spectrum. 


Investigation on the effects of weak flares in the rigid 
components of the spectrum makes it possible to extend the 
spectrum of solar cosmic rays to the high-energy regions. 
However, the problem of the nature of this effect remains 
unsolved up to this time. There are two different views. Accor- 
ding toN,S, Kaminer [61] and L.1, Dorman et al. [62], the 
increase in the intensity is completely caused by meteorological 
effects whereas Maeda and Patel [63] and E.V. Kolomeets 
[64] consider that the generation of relativistic particles during 
chromospheric flares is the cause of this effect. In particular, 
N.S, Kaminer [61] and L.I. Dorman et al. [62] substantiate their 
assumption with the argument that the relation between the 
increase in the neutron and rigid components is not retained 
during large and small flares of cosmic rays. However, E.V. 
Kolomeets [64], showed that this relation is different for 
different flares. It can change by more than an order and 
probably, depends on the conditions of the origin of spectrum 
in the region of chromospheric flare as well as on the electro- 
magnetic state of the interplanetary space. On the basis of 
analysis of the effect of about 170 chromosopheric flares of 
class 2 2 obtained from the world network of statione, 

L.1. Dorman et al. [65, 66] found the increase in the rigid 
component to be 0.1% i.e., considerably lees than that obtained 
by Dolbear et al. [67] and L.I, Dorman and E, V. Kolomeets 
(68] (~+0.3%). 


The analysis of the results obtained in [64, 66,68] makes 
it possible to conclude that the effect in the rigid component is. 
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apparently caused by two factors. For example, about 75 % 

of the outburst amplitudes at the equator are mainly explained 

by meteorological effects which are related to the action of ultra- 
violet radiation of the solar flares on ozone layer and the subse- 
quent change in the temperature of the upper atmosphere. It 
should be pointed out that both the factors play significantly 
different roles at different latitudes: the first factor pre- 
dominates (low cut-off rigidity) at high latitudes and the second 
factor is insignificant (large zenith angle of the cone of ultraviolet 
radiation) whereas at low latitudes, the second factor predomina- 
tes and the first one is insignificant (due to high cut-off rigidity 
and small zenith angle of the cone of ultraviolet radiation). 


Based on the data of continuous recording of the rigid 
component of cosmic rays obtained with the help of Yakutskii 
complex of ground and underground installations during 1957- 
59, A.I, Kuz'min [69] conducted an interesting investigation 
on the problem as to whether chromosopheric flares lead to 
a decrease in the temperature of the stratosphere. Asa 
matter of fact, in accordance with Dorman ~ Fein theory of 
temperature effect [1.1], it should be expected that the 
intensity of cosmic rays at a height corresponding to 60 mv.Qe 
should decrease with the decrease in the temperatuxe of the 
stratosphere while the intensity at the Earth's surface should 
increase. After making necessary corrections for the baro- ° 
metric effect and the average solar daily variation, it was shown 
by the superposed epoch method, in [69] that for 87 flares 
within the limits of experimental error, changes in the intensity 
of cosmic rays are not observed at any of the undergoundé tevels. 
It follows from this that, if the effective temperature of the 
stratosphere changes during the time of chromospheric flares, 
the change should not be more than 5°C. This estimate does 
not contradict N.S. Kaminer's result [61] obtained from the 
data of continous recording of rigid component of cosmic 
rays during 1955~56. 


While investigating the effect of small chromospheric 
flares on solar daily variation of neutron component (on the 
basis of the observational data obtained of Yakutsk, Resolute 
and Sulfur stations), G.V. Skripin et al. [70] did not observe 
the effect of small flares within the limite of experimental. 
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error. This result is particularly important and contradicts 
the conclusions drawn by B,M. Viadimirskii and A.K, Pankra- 
tov [24] and by Wilson and Nehra [22]. 


Increases in the intensity of cosmic rays, not directly 
related to the observed chromospheric flares, were detected 
by L.I. Dorman et al. [71]. Data of two hill stations -~ Climax 
and Sulfur (cut-off rigidity being 2.9 and 0.97 Gv respectively)-- 
obtained during the IGY were analyzed for an indication of 
this effect. Inall , 41 events were selected and it was shown 
that the increases during these events are not merely statistical 
fluctuations. Average curves, obtained by the superposed epoch 
method, show that there is a sudden increase, wide maximum 
for 4-6 hours and slow recovery of intensity. Corrections 
made for daily variation do not change the result. More than 
50% of the effects of Climax station were observed around 
12+2 hours local time. A comparison with the data on solar 
flares showed that, for most of the events, flares of class 2 
or more are not observed for eight hours before the commence- 
ment of the sudden outburst, It is presumed that these outbursts 
are caused by chromospheric flares on the invisible side of the 
Sun although other causes, for example, sudden changes in the 
Earth's magnetosphere, might not be eliminated. 


In all the above-mentioned works, small fiares of cosmic 
rays were studied by statistically analyzing the data ona large 
number of solar flares. L.I. Dormanand E,V Kolomeets 
[72] made an attempt to study the effect of individual flares, 

In all, 10 flare events observed during June 16, 1957 - 
October 31, 1958 were analyzed. Data of neutron monitors 
after making correction for the barometric effect and the effect 
of first and the second harmonics of daily variation which was 
obtained from the data of the previous day, were used. A list 
of the flares and the results of the analysis are given in Table 
6.1 ( &y:, is the geomagnetic cut-off energy). From the data 
available through the world network of stations which recorded 
the neutron component of the intensity of cosmic rays during 
1959-64, V I. Ivanov and E.V, Kolomeets [73] analysed the 
effect of’ small chromospheric flares in cosmic rays, It was 
observed that decrease of the effect of the flares in the neutron 
component of cosmic rays from maximum to minimum solar 
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activity is due to the less intensity of flares during the period 

of minimum solar activity. It was algo shown that, during the 
period of minimum solar activity, the increase due to flares in 
the helioequatorial region and in the western half of the solar 
disk is more than that due to flares at higher latitudes and on 

the eastern half of the solar disk and this points out the existence 
of a regular magnetic field in the interplanetary space, 


V.S. Smirnov [74] drew attention to the fact that the daily 
variation for Murmansk and Churchill stations averaged for 
quiet (with respect to geomagnetic field and Forbush effects) 
days with higher flare activity, reveals an additional morning 
increase for the period 1959-60. This increase is apparently 
caused by the propagation of particles of small flares of cosmic 
rays froma direction ~) 60° to the west of the Earth-Sun 
line. Absence of this increase during 1957-58 is related to the 
predominance, during this period, of the diffusion mechanism in 
the propagation of solar particles to the Earth. Daily variation, 
averaged for quiet days (amplitude of Forbush decrease more 
than5%., K-index 230) for 1957-60 period, reveals an additional 
increase at’ about 9 hours local time which may possibly be 
caused by particles propagating from a direction close to the 
Earth-Sun line. 


The question of energy spectrum of particles giving rise 
to small flares of cosmic rays is considered in Section !0. 


7. POSSIBILITY OF COLLECTIVE INVASION OF SOLAR 
COSMIC RAYS INTO THE EARTH'S MAGNETOSPHERE 


While investigating the first phase of geomagnetic 
storm, Chapman and Ferraro [75] arrived at the preliminary 
conclusion that solar corpuscular beam gan be geoeffective 
only if concentration of particles n%10  cm-3, For the sake 
of simplicity, a cylindrical layer of plasma (solar particles) 
in the geomagnetic field was considered. It is natural that 
such an extremely simplified problem cannot reveal all the 
characteristic features of the real picture of interaction between 
solar plasma and geomagnetic field. With further assumptions, 
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Ferraro [76] obtained an expression for the critical concentration 
of solar particles at which the electromagnetic interaction 
between them becomes negligibly small and they. move in the 
geomagnetic field along St6rmer orbits. This condition for crti- 
cal concentration is given by*) 


dpe (7.1) 


where § = 2.781 ; Bis a constant of Strdrmer's theory having 
the dimension of length: 


t= 2H ; (7.2) 


and y is the screening length of plasma and it also has the 
dimensions of length and corresponds to the distance from the 
separating boundary at which the effect of magnetic field on 
plasma particles decreases by e times: . 


me 
a= oa (7.3) 
The following notations are uged in formulas (7, 2) and 
(7.3): m,v, e and nare respectively the mass, velocity, charge 
and concentration of particles; M is the Earth's magnetic 
moment and c, the velocity of light. The simplifying assumption 
that solar plasma consjsts of only one type of particles (protons) 
was made for deriving the formula (7.1). Obviously, this 
assumption is fairly applicable to the case of solar cosmic 
rays. [2.2]. 


From (7.1-(7.3) , we obtain an expression for the 
critical concentration me of solar particles (protons): 


=— m2ctEt =68. 15 3 
a, GV ini v=6,8-10 M[cm~?] (7.4) 


(v is in cm/sec). 


"Jit should be mentioned that while deriving formula (7.1), Ferraro [76] 
made an insignificant algebraic error which was pointed out by Chapman 
[77] and has been corrected here. 
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In the case of isotopic radiation, by considering (7.4), 
the critical flux of particles (from directional hemispheres) 
is determined from the expression: 


- Av 3 = _T 
Fi=al,=0- f= 17-10 8.9? [cm 2 sec Ty (7.5) 
where [,is the critical intensity of particles moving with a 
velocity v: 


1,=5,4- 107" . » [cm= 2sec~| sterad™!] (7.6) 


The values of “ny Fx and Ig for protons of different kine- 
tic energies &,% , calculated on the basie of formulas (7.4) ~ 
(7.6), are given in Table 7,1. The velocity is calculated from 
the relativistic relation 


oej=cV 1 —(1 +2) : (7.7) 


where &, is the potential energy of a proton. 


Geoeffectiveness of some solar cosmic ray can be 
estimated on the basis of the obtained critical values. The 
differential spectrum of particles due to September 28, 196] 
flare, recorded beyond 'the limits of the Earth's magnetosphere 
by the American satellite "Explorer-12" [1.23], can be 
approximated by the expression: 


-3 Z ag 
Di a) =2 103, ey [cm™2 sec ) eterad ! Mev™!] 


E 


in the proton energy range of “%@ =2-1000 Mev about 46 hours 
after the commencement of the flare. According to measure- 
ment: taken by Brown and D'Arcy [78], the spectrum of particles 
in the same energy range during July 14-15 , 1959 flare 

was much steeper and given by D ( E.) = 6x 19°14 ea 

[crn"¢ sec™* sterad™? Mev™ ]. Let us. use the relations : 
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n(e) == Die) 
F(e,) = xD (z,), 


oa 
n(,+e)=4n [LD ede, (7.8) 
a 


& 
F(e,+-2) =n f D(e,) dey. 
rm 


Here, it may be noted, that we can al6o use an approximate 
expression for the velocity in the above-mentioned energy 
range ( & i. = 100-500 Mev) in place of (7.7): 


V ex 
Uz — 1,38 - 10° Ye, [cm. sec”! ] (7.9) 


where Ex. is expressed in Mev, The results of calculation obtai-. 
ned by L,I, Miroshnichenko for n( €),) and F ( 1), with the help 
of formulas (7.8) and (7.9), are given in Table 7.2 


By comparing Tables 7,1 and 7.2, it can be concluded 
that the September 28, 1961 solar cosmic flare was not geo- 
effective whereas the July 14-15, 1959 flare could givea 
geomagnetic effect if this effect is considered to be 
due to the cumulative action of solar cosmic rays on the 
geomagnetic field (for example, the effect due to a proton beam 
of €, = 100-400 Mev.) . A comparison of Tables 7.1 and 
7,2 with the curves of Fig. 7.1, taken from the work of 
Obayashi and Hakura [80], also leads to the same conclusion 
(also see the work [81] of the same authors)*, 


Fig. 7.1 shows the integral energy spectra of solar 
particles, obtained by different authors for different energy 
ranges: 1 - thermal particles of interplanetary plasma; 2- 
particles of corpuscular beam (for details of curves 1 and 2, 


* Some deviations in the values of Fy in Fig. 7.1 and Table 7.1 can be 
explained by the fact that the calculations [81] were done by assuming that 
A= | whereas critical values in Table 7.1 were obtained in [79] on the 
basis of a more accurate relation (7.1). 
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bx, ev 


lig. 7.1. nlegral energy spectrum of solar corpuscular raduwation [81]. 
1,2,11 - calculated curves; 3-8 - experimental curves; 9 - scale 
of cut-off geomagnetic latitudes; 10 - altitude scale for penetration 
of protons in the Earth's atmosphere. 

see the work of Obayshi and Hakura [87]),3 and 4 ~ particles 

giving rise to polar aurora (measurements by Van Atien 

[82] respectively); 5~ particles, giving rise to absorption of 

radio waves in polar caps, on the basis of the data of Anderson 

et al. [84]; 6= spectrum of solar cosmic rays due to February 

23, 1956 flare in the nonrelativistic region, according tothe 

measurements of Van Allen and Winckler [85]; 7-spectrum of 

relativistic particles due to the same flare, measured by 

Meyer et al. [1.4]; 8-spectrum of galactic cosmic rays obtained 

by .Van Allen and Singer [86]. Scale of cut-off geomagnetic 

latitudes (9), scale of altitude for penetration of protons 
inthe Earth's atmosphere (10) and the limit of freedom of 
protons during their motion in thé geomagnetic field (curve 

11 calculated in [81] by assuming that A = 2 ) are also shown. 


On the other hand, it is possible to estimate by the 
following equation the intensity of energy contained in solar 
cosmic rays due to the July 14-15, -1969 flare in the energy 
range of 100-400 Mev: 
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05 
= 46. 10” tae, dey = 2.9 -10~ 8 ferg.cm™>] 


10 

This intensity of energy corresponds to the magnetic field 
of intensity H=8.55 x 10 gauss. By extending the spectrum 
ae up to Ea 10 Mev, we get we 2.9 x 1079 erg.cm~3. and 

= 2.7x 10"? gauss. The geomagnetic field was approximated 
in Chapman's work [77] and is given by the expression 
H = Hg ( re/Z)? for Z > rpwhere rp 28 the Earth's radius, 
eo = 0.3 gauss is the intensity of field at the equator and Z, is 
ie distance from the center of the Earth in the equatorial wine: 
From this, the distance from the center of the Earth which 
could be covered by solar particles of July 14-15, 1959 flare 
is Z2=7rpatH=8.55x 10-4 gauss. Thus, considering from 
the data of Ness et al. [IV. 13] that the Earth's quiet magneto- 
sphere occupies a volume with radius ~ 10 Ips it can be assu~ 
med that solar cosmic rays in some cases collectively invade 
the magnetosphere to a considerable depth. 


Such an invasion must give rise to disturbances in the 
magnetic field and possibly to polar auroras and other ionospher~ 
ic effects at high geomagnetic latitudes ( > 60°) while the distur~- 
bance in the magnetic field must have a significant effect at 
distances Z > 7 rg. Such phenomena during cosmic ray 
flares have not been observed up to this time. This fact can 
apparently be explained on the basis of A.S. Dvoryashin's 
assumption [14] that the steep energy. spectrum of particles 
with ¢ <1Gev, obtained from stratospheric observations, 
cannot be extended to low energies (~~10 Mev) with the same 
angle of inclination and because of this, the beam of protons 
in this region must be described by a spectrum having suffi- 
ciently low index, It is actually confirmed for a number of 
flares by the data from stratorspheric and direct rocket 
measurements [1.2]. However, the obtained values of July 
1959 events facilitate the assumption that some of the geophysical 
phenomena during this period could be caused by the intense 
beam of solar cosmic rays of medium energy (100-400 Mev), 

It is very difficult to verify this assumption due to the presence 
of a large number of geophysical effects in the middle of July 
1959 and they are usually explained by superposition of many 
solar corpuscular beams. Thus, the question under reference 
requires further investigations. 
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CHAPTER III 


ENERGY SPECTRUM, NUCLEAR COMPOSITION 
AND TIME VARIATIONS OF SOLAR COSMIC RAYS 


The characteristic features of the spectrum and compo- 
stion of solar cosmic rays and theirtime variations are consi- 
dered in this Chapter on the basis of the data obtained from 
ground, stratospheric and extra-terrestrial measurements.’ 
Much attention has been paid to the effects of anisotropy of solar 
particles and to their displacement in the traps of corpuscular 
beams. The possibility of accumulation of low-energy particles 
in the solar system is considered and the theory and method of 
studying isotopic composition of solar particles is described. 
The effects of luminescence of the Moon and the Mercury under 
the action of solar corpuscular radiation are mentioned. The 
question of the shape of the spectrum and its other simple 
parameters occupies the main place in this Chapter, 


8 ENERGY SPECTRUM 


8.1 Pecularities of the spectrum. Till now, a large 
number of peculiarities in the spectrum of solar cosmic rays 
have been established. However its interpretation has proved 
to be ambiguous and contradictory. 


1, The lower limit of the spectrum of solar cosmic 
rays is tentative and determined by the ratio of energy densities 
of solar cosmic rays and magnetic fields in which the particles 
propagate (local fields of the Sun's active regions, interplane- 
tary and geomagnetic fields). If the density of energy contained 
in the solar particles becomes more than that of the magnetic 
field, these particles should be considered as a conductive gas. 
During the flare of July 14-15, 1959, solar particles with €; = 
100-400 Mev had such a high energy density (~3x1078 erg/cm?) 
that they could collectively overcome the field with H < 1073 
gauss (see Section 7), For‘ most of the flares, the lower limit 
of the spectrum apparently lies in the region &,.=105-108 ev. 


a4. 
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For example, during the flare of September 28, 1961, the 
spectrum of solar cosmic rays in the interplanetary space was 
measured by Bryant et al. [1.23] right upto € > 1 Mev. 


2. The-.upper limits of the-spectrum: is.determined by 
the possibility of retaining the accelerated particles in the 
source, If it is assumed that the Sun's supercorona of radius 
5x10!2 cm is the source and that H ~ 10-4 gauss, is the intensity 
of irregularities of the field, the upper limit of the energy of 
particles held in the trap will be equal to 1..5x10!! ey. Relati- 
vistic solar particles with £,.~ 2x10 - ev. were recorded during 
the most powerful of all the observed flares (February 23, 1956). 
Strictly speaking, the upper limit cannot be correctly deter- 
mined experimentally due to large steepness of the spectrum of 
solar particles at high energies. 


3. The inclination of the spectrum at energies of the 
order of a few hundred Mey depends on the state of the inter- 
planetary medium. As shown by A, V. Charakhch'yan and T.N. 
Charakhch'yan [1], the index of differential spectrum y in the 
absence of solar corpuscular beam is equal to 3 and is approxi 
mately the same for various flares, On the other hand, if the 
particles having the above‘mentioned energy move in the trap of 
the corpuscular: beam, y=6 and the spectrum mainly changes in 
the region &£, < 200 Mev. 


4, If the energyis more than a few hundred Mev, the 
spectrum becomes discontinuous and the index, according to 
A.N, Charakhch'yan and T,N. Charakhch'yan [2], increases up 
to yx 5-6. The point of discontinuity can be different for dif- 
ferent flares, This conclusion is drawn from the fact that there 
exists no proportionality between the amplitudes of outburst in 
the stratosphere and at sea level (i.e., in different energy 
ranges) for different flares. It should be mentioned that this 
proportionality is not at all possible for an individual flare since 
the spectral curve of solar cosmic rays at the Earth's orbit is 
practically not parallel to the corresponding curve for galactic 
particles. 


5. Cosmic rays propagating to the Earth directly from 
the Sun in the initial phase of a flare have more rigid spectrum 
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than the scattered particles, Moreover, the spectrum of 
scattered particles as a rule softens with the passage of time*.. 


The authors in references [1, 2] assume that these 
pecularities of the spectrum are related to the phenomena of 
generation of cosmic rays on the Sun, The energy range of the 
particles, generated by the Sun, is apparently limited on the 
high side of energies but this limitation (i,e., the position of 
discontinuity in the spectrum) in specific cases is found to be 
different. In view of this, the existence of only one acceleration 
mechanism for high- and low-energy particles becomes doubtful. 
Experimental data on the spectra of protons, # -particles and 
nuclei of M group, expressed in terms of their kinetic energy, 
point out a similarity in these spectra. According to [2], the 
charge spectra of particles, generated on the. Sun, are not cons- 
tant from which it follows that there is apparently no definite 
relation between the nuclear composition of accelerated particles 
and the abundance of elements in the solar atmosphere. This 
conclusion, however, contradicts the results of other workers. 
(see Section 9). 


On the other hand, numerous observations show that, to 
the first approximation, the spectra of solar particles slightly 
depend upon the different parameters defining chromospheric 
flares (i.e. area, size, duration, position on the Sun, nature 
of visible movements, etc.), Thus, it is natural to consider 
that consistency of the spectrum of different flares is in some 
way, the general property of the dynamics of magnetized plasma 
and of thermodynamics of the gas of cosmic rays. As a matter 
of fact, as shown by S.I, Syrovatskii [3], the spectrum of solar 
cosmic rays can be obtained from general thermodynamical 
considerations without referring to specific values of the para- 
meters of the acceleration mechanism, 


First of all, it is appropriate to assume that a cavity, 
occupied by fast particles and retained by the pressure of exter- 


* VI. Ivanov and E.V. Kolomeets [165] showed that differential energy 
spectrum of solar cosmic rays in the range 1-8 Gev softens with a dec- 
rease in the solar activity: y= 1.8 at the maximum and \ = 3. 5 at the 
minimum. The upper limit of the spectrum changed from 8 to 2.5 Gev 
during 1957-64. There is no definite law in the region of energies <1 
Gev (as is evident from analysis of flares that were recorded at the 
Earth, in the stratosphere and in the interplanetary space). 
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nal magnetic field, is formed as a result of an acceleration 
process in the solar atmosphere, At sufficiently high pressure 
of these particles and in the case of slow dissipation of their 
energy, the retaining magnetic field may be ruptured andthe _ 
contents of the cavity will be ejected into the space about the Sun. 
In that case, considering the external pressure caused by the 
strong magnetic field of the spots, to be practically constant, it 
is possible to use the thermodynamical relation 


dW =2,dN, (8. 1) 


where W is the thermal function of the systern, Nis the number 
of accelerated particles and €, is the average kinetic energy of 
a particle in the cavity. The existence of a thermal function 
for the cavity points out that the system is not insulated: 
average energy of particles in the cavity increases with their 
exit due to the work done by the external pressure. 


Cosmic rays can be considered as an ideal gas with 
constant ratio ¥ of heat capacities. Then 


W—=ye=yNe,, (8. 2) 


where & is the total energy of particles in the cavity. Putting 
(8.2) in (8.1), we get 


aN ‘” dey 
— ow oe s,s * 8. 
N Y—1l € (o23) 


from which we get the following relation between the number of 
particles in the cavity and their average energy: 
N =const - eg AI), (8. 4) 


Therefore spectrum of the particle coming out of the cavity will 
be of the form 


6D (e,) de, = — dN =const -er@v-MAv-), (8. 5) 


where the average energy has been replaced by the actual energy 
which, according to [3], is valid from the known general 
concepts about the nature of the generation spectrum. As was 
shown by V.L. Ginzburg and S.I, Syrovatskii [4], for strictly 
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steady acceleration between adjoining parallel walls, ¥ =3in 
the non-relativistic ease and % = 2 inthe relativistic cage. 
"For betatron acceleration, ¥ = 2 and %. = 3/2 respectively. 
These values are obtained by assuming that the energy is trans- 
ferre“} only to one (in the case of walls) or two (in the case of 
betsiron acceleration) degrees of freedom of a particle. How- 
ever, in the case of not absolutely parallel walls and also due to 
scattering at irregularities of the magnetic field, all the degrees 
of freedom of the particle, in the long run, become equally 
justified, Therefore, as in the case of an ideal gas, YW = 5/3 
in the nonrelativistic case and ¥ =. 4/3 in the relativistic case. 
At these values of 3 , the spectrum of solar cosmic rays, as 
given by equation (8,5), must be a power function with an index 
of 3.5 in the region of nonrelativistic energies and 5 in the 
ultrarelativistic region, In general, this type of spectrum is in 
agreement with the observations. On the other hand, in some 
cases, the spectral index is > 5 even inthe region of compara- 
tively low energies (€,~100 -300 Mev for protons). Moreover, 
the conclusions [1-3] do not eliminate the difficulties related to 
the explanation of the change of spectrum with time. 


There are other possibilities as well for explaining these 
facts. First of all, different types of losses in the acceleration 
region (radiation, viscous and Joule dissipation) as weil as the 
possible variations in the external magnetic field due to com - 
pression of the cavity, in which the particles are compressed, 
must lead to softening of the spectrum. Further, if it is 
assumed that the accelerated narticles from flares, preceeding 
the effective flare, accumulate in some region, then, as shown 
by A.A, Stepanyan and B,M, Vladimirskii [5], the relation 
between high-energy and low-energy components will be practi- 
cally absent. Moreover, in the process of propagation of parti- 
cles in the interplanetary space, the spectrum is considerably 
transformed owing to the dependence of diffusion coefficient on 
the energy of particles (see Chapter IV). 


8.2 Form of the spectrum. In the recent past, spectra 
of solar cosmic rays in the energy range from a few Mev to tens 
of Gev wefe measured by different methods not only for protons 
but also for nuclei with Z 72. . 
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Owing to different measurement procedures used in dif- 
ferent energy intervals, it becomes necessary to coordinate the 
results of different measurements and to find a simple form of 
the spectrum and its changes with the passage of time. Usually, 
differential spectrum is written in the form of a power function 
of rigidity or kinetic energy of the particle: 


a =K,R (8. 6) 


dj Sep ee 
7a = Kye; Ys (8.7) 
where Y¥,and ¥, are simultaneously the functions of rigidity (or 
energy) and time. It is known from the experiment that Y,and ¥, 
have small values at low €, or R where the spectrum is 
observed to have a "bend", Moreover, %, and Y¥, usually 
increase with time which leads to softening of the spectrum. In 
a number of works, it was also shown that solar protons and 
particles have similar shape and rigidity spectra, It led Freier 
and Webber [6, 7] to conclude that rigidity can serve as a funda- 
mental parameter for understanding the process of the origin of 
spectrum at the Sun and for interpreting the above-mentioned 
data near the Earth. 


Since the range of rigidities or energies covered by one 
measurement is usually very narrow, the spectrum of solar 
particles can be written to a sufficient degree of accuracy in the 
form of a power function of rigidity or energy with constant 
index Y . This representation will no more be satisfactory if 
one considers the total range of rigidities or energies although 
it can, of course, be assumed that the indices Y, and Y¥, depend 
on the rigidity or energy. For an accurate description of the 
spectrum, it is necessary to coordinate the results of measure- 
ments obtained with the help of rockets, satellites and rio- 
meters in the range of low energies (1-50 Mev), with the data of 
balloon measurements taken with the help of emulsions, coun- 
ters and ionization chambers at medium energies (70-500 Mev) 
and also with the results of ground measurements in the region 
€,. 7 500 Mev. With this end in view, it is necessary to 
correctly know the absolute sensitivity of these detectors to 
different regions of the primary spectrum, On the other hand, 
the determination of sensitivity requires certain assumptions 
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about the form of the primary spectrum. Since the power 
spectrum of primary radiation has an index which is simul - 
taneously a function of the energy (or rigidity) and time, one 
cannot be sure of the accuracy of extrapolation in these cases 

to different energy regions covering many types of measure- 
ments. In this case, the determination of spectra is complicated 
by nonlinear calculations, 


Taking these difficulties into consideration, Freier and 
Webber [6] made a thorough study of the data on many flares 
and arrived at the conclusion that the spectrum of solar particles. 
can be best expressed by a single-parameter exponential func - 
tion: 


pte iain 
=e Ole r™ (8. 8) 


where R,(t) is the rigidity characteristic which for a given flare 
depends only ontime, Its value and time dependence change 
from flare to flare, As confirmed by the authors [6], the 
equation (8, 8) is applicable at all rigidities only at a time which, 
after the commencement of the flare considerably exceeds the 
time of direct propagation of particles from the Sun to the Earth. 
In the case of the spectrum of type given by equation (8. 8), it is 
no more necessary to artificially "bend" it at tow energies since 
Ro does. not depend on R but the result is found to be the same as 
in‘the case of 'bent'' power spectrum, The relation (8. 8) makes 
it possible to forecast the intensity of low-energy particles which 
can later on be related to characteristics of the corresponding 
magnetic storm. On the basis of equation (8.8), the curves of 
time variation can easily be interpreted by the observational data 
obtained with the help of different detectors. 


By using all the available observational data of Minnesota 
_complex, Freier and Webber [6] determined the spectra of 
protons for 53 different instants of time during 16 different 
flare events, Those cases where the measurements were 
obtained with the help of emulsions, it was possible to deter- 
mine the flux of c&-particles and the ratio of the flux of protons 
to that of -particles. The results of this investigation are 
shown in Table 8,1. 
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In accordance with the equation (8.8), the integral 
rigidity spectrum will be of the form 


(> Ry= Ipe-Pi, (8.9) 


where Ro has the same value for protons and & -particles but 
Ip can have different values. It should be mentioned that the 
counter measurements uswally give integral flux of particles 
whereas emulsion measurements give differential flux. é 


In order to understand the meaning of parameters I, and 
Ro, the authors [6] studied their time variation for some flares. 
The measured values of I, and Rg are shown in Fig. 8.1 for the 
period November 12-16, 1960 and July 11-21, 1961. The times 
of solar flares, fade-outs and sudden commencements of geo- 
magnetic storms are shown by arrows. The parameter I, is the 
global intensity of solar particles near the Earth free from the 
possible geomagnetic effects, Calculation of Ig requires extra - 
polation of the measured spectrum to the region of low rigidities. 
In order to determine the time variation of Ig, the authors [6] 
used riometric data of high-latitude stations Longyearbyen and 
College which have a cut-off rigidity approximately equal to zero. 
This procedure is not devoid of errors since the sensitivity of the 
riometer decreases in the region 6, < 15-20 Mev. 


In order to study the relation between I, and R, and the 
characteristics of interplanetary fields in detail, Freier and 
Webter plotted the integral spectra of solar protons (Fig. 8.2), 
obtained for the interplanetary space at the time of maximum 
Ip for flares on November 12 and 15, ee and on July 12 and 
18, 1961, right up to 2 Mev (R60 Mv). Hage 8.2 also shows 
the flux and intensity of energy (1/2 nmv“=H“/81) for a mono - 
energy beam of solar protons, The crosshatched regions belong 
to the plasma front causing geomagnetic storm (1) and the quiet 
interplanetary plasma (2), The velocity of low-energy protons 
of the plasma, their flux and the number density of particles are 
also shown in the Fig. The cited values of these parameters 
were obtained on the basis of latest available data on time of 
propagation of plasma from the Sun to the Earth and the data 
considered are those of direct measurements of. Bridge et al. 
[17] on the spectrym and flux of plasma particles and the ‘results 
of Sonett's measurements [18] on the limit of the geomagnetic 
field, 
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2. .-t 
Proton, cm™~“sec™‘ 


0? 7 0 979 0 07 8 baer 


Fig.8.2. Integral spectra of solar protons at the time of maximum intensity 
for flares on November 12 and 15, 1960 and on July 12 and 18, 1961 
[6]. The crosshatched regions 1 and 2 belong to the disturbed and 
quiet interplanetary field respectively; 3-limit of freedom of 
protons during their movement in the geomagnetic field; 4 - scale 
of cut-off geomagnetic latitudes; 5 - velocity of interplanetary 
plasma particles. Spectra of protons at distances af 2.8 YE and 
5r 7 are also shown. - 


The measured spectra of solar particles at the time of 
maximum Nog for flares on November 12 and 15, 1960 and on 
July 12 and 18, 1961 give the same densities of energy for the 
"plasma" of cosmic rays as for the quiet interplanetary field. 
Therefore, the motion of solar particles will be significantly 
controlled by this field. The density of energy of low-energy 
plasma and magnetic fields, most probably, increases in the 
presence of a plasma of solar cosmic rays in the interplanetary 
space. As a result, plasma of cosmic rays apparently never 
predominates over the interplanetary field but is always con- 
trolled by it and the resultant motion is defined by the dynamics 
of interaction of these two types of plasma. Thus; the plasma 
of cosmic rays and the low-energy plasma, containing inter - 
planetary fields, are closely related to each other. This fact 
is confirmed by Fig. 8.2 from which it is obvious that flares of 
cosmic rays having the steepest spectra and maximum inten- 
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sities of low-energy particles are accompanied by strongest 
geomagnetic storms (for example, compare July 12 and 18, 196] 
events). 


Extrapolation of exponential spectra, corresponding to 
maximum intensity of solar cosmic rays to the region of low 
energies, does not provide large number of particles or inten- 
sity of energy sufficient for causing a magnetic storm, There- 
fore, it is not entirely eliminated that the spectrum of solar 
cosmic rays is the high-energy tail of thermal distribution, re- 
lated to low-energy (thermal) plasma. In this case, there must 
be a transition region of energies (probably within the interval 

Ey = 100 kev- 2 Mev). 


Many important results regarding this problem were 
obtained in August-September 1961 by Davis and Williamson [19] 
who measured the flux of trapped protons in the range Ey = 100 
kev - 4.5 Mev at distances of 2-8 4¢. Typical proton spectra 
for distances of 2,8 and 5 *e, shown in Fig, 8.2, can be des - 
cribed by an exponential with Rg = 15 and 5 Mev respectively. It 
is possible that the particles measured by Davis and Williamson 
[19] belong to the spectrum, modified in the process of capture 
and subsequent movement (which leads to an increase in the 
steepness of the spectrum), of the plasma-front protons. The 
trapped protons can obviously be considered as remnant of the 
preceding plasma cloud, Owing to this, Freier and Webber [6] 
tried to obtain conformity of the measured values of Rg and N, 
for trapped particles with the values expected for the characteris- 
tic of the strong magnetic storm on July 13, 1961. <A detailed 
study of the spectra of solar protons in the critical range of 
energies between low-energy plasma and plasma of cosmic rays 
(for example, in the range &, = 0.1-5 Mev) during magnetic 
storms will help in understanding the obviously close relation 
between these two components. 


Similar problems have also been considered in Section 7 
where much importance is given to the possibility of collective 
invasion of solar cosmic rays into the Earth's atmosphere. 


In connection with the problem of exponential spectrum, 
Freier's results of emulsion measurements [10] on solar 
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® -particles and protons during the flares, observed on May 10, 
1959, July 14 and 16, 1959 and on July 12 and 18, 1961 are of 
great interest, Rigidity spectra of both types of particles in 
these cases have exponential nature. The fluxes of particles at 
different times were measured during each flare, For these 
five flares, it has become possible to determine the ratio of the 
flux of protons to that of & -particles at the same rigidity in six 
cases, 


The results of measurements on these five flare events 
are included in Table 8.1, All the measurements were obtained 
with the aid of ballons over Minneapolis (cut-off rigidity in the 
case of quiet geomagnetic field, according to Quenby and Wenk 
(I. 33], is equal to 1. 34 Gv) or over Churchill (R ~ 0.18 Gv). 


The spectta obtained on the basis of emulsion measure - 
ments of protons and A -particles on May 12, 1959 are shown in 
Fig. 8.3 in semilogarithmic scale, It is obvious that, at low 
rigidities, the flux of A -particles measured over Minneapolis. 
is less than that expected from the exponential form of the 
spectrum, A similar bend in the spectrum was observed on 
July 16, 1959 (for & -particles) and July 18, 1961 (for protons 
and ¢-particles) [10]. 


Freier [11], Earl [12] and Bhavsar [1.77] showed that 
the threshold rigidity at Minneapolis during quiet periods goes up 
to 1,20 Gv while during geomagnetic disturbances, it decreases 
to 0.3 Gv. Moreover, it was found that the cut-off threshold is 
not very sharp during cosmic-ray flares. Such an effect was 
observed during similar balloon flights over Churchill and 
Minneapolis. Consequently, the bend in the spectrum, sometimes 
observed over Minneapolis, can explain the change in the thres - 
hold rigidity. In this case, the rigidity at which the spectrum 
starts bending serves as a measure of the cut-off rigidity at the 
observation point during the flare. 


It is important to mention that proton and 4 -particle 
spectra near the Earth are found to be modified, with respect to 
emission spectra, in the process of propagation in the inter- 
planetary space. ‘But in the opinion of Freier and Webber [6], 
this process changes R, but does not change the exponential 
nature of the spectrum, 


& 
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Fig.8.3. Differential rigidity spectra for solar protons and -parlicles on 
the basis of measurements taken on May 12, 1959 [10]. 


Interesting results on the measurement of the spectrum 
of solar G-particles were obtained by Yates [1.14] during 
November 12-13, 1960 flare with the aid of scintillation telescope 
counter and Cerenkov counter installed on balloons. As a matter 
of fact, this was the first tirne when it was shown by direct 
measurements that the Sun actually generates relativistic - 
particles (>560 Mev/nucleon). Corrections for the back-~ 
ground, nuclear reactions in thé counter's material and for the 
mass of the residual atmosphere over the detector were made 
for the data obtained. The values of the total flux of &-particles 
at the boundary of the atmosphere obtained on November 13, 


1960 along with the corresponding data on other flares are given 
in Table 8,2 


98 


SPECTRUM, COMPOSITION AND FLUX VARIATIONS 


PI+8EI 


ef 
6¢ +161 


61+6FI 
€2 + EFT 
PZ +EET 


PI+72cl 


i= 
te + 8F1 


LU+vel 


OZ +0II 


€+9T1 


OL+EP 
G+S2 


9+€2 


0961 ‘OZ TaquIsAON 


0961 ‘€T Tequrieaon 
0961 ‘sg AEW 

6561 ‘61 ysnsnYy 
6561 ‘et Ane 


4D 6'7< 4 4D 6°C7 U7 €°% 


AD €°e <u 


qYysIG oy} fo a3e@q 


en 


(y 


~Perejs 7.998 5. 


ul) sraydsouje oyy Jo ATepunog 9yj 7 seyotqzed-p jo Aj suezuy 


2°8 ATaVL 


99 


L.I. DORMAN AND L.1, MIROSHNICHENKO 


In order to determine the flux of solar & -particles, itis 
necessary to consider the background flux caused by X-particles 
of galactic cosmic rays. With this aim, Yates [1.14] made use 
of the correlation between the counting rate of neutron monitor 
at Climax and the flux of « -particles measured by Meyer [20] 
for the period September 1957-July 1959. This dependence for 

& -particles with R D 2.3 Gv (threshold rigidity for Climax 

is 2.91 Gv).is shown in Fig. 8.4. Considering the counting rate 
of neutron monitor at Climax (2888 pulses/2 hours) on the quiet 
day of November 11, 1960, from Fig. 8.4 we find that the inten- 
sity of galactic -particles is equal to 15646 m-% sec~! 
sterad~*, A similar estimate for November 13, 1960 shows an 
intensity of 13444 m2 sec-! sterad-!, A comparison of these 
values with the data given in Table 8.2 shows that the intensity 
of relativistic &-particles of RZ 2.3 Gv during the period 
1015-1915 UT on November 13, 1960 was more than that of 
galactic o& -particles during the quiet period (134 +4 m2.sec7! 
sterad-! and also during disturbances (156 + 6 m~2 sec-! 
sterad-!), It follows from this that the excess intensity of 

& -particles (55t7" m-2, sec~!,sterad-!) was caused by their 


injection from the Sun during November 12, 1960 flare event. 


© July 13,7959 


@ Aug. 19, 1959 
& May 5, 1960 — 
@ Nov. 13, 1960 
GB Nov. 20, 1960 
@ Sop, 1957-July 1959 [20] 


‘Counting rate of neutron 
monitor 


I,m 2eec:tateraa! 


Fig.8.4, Correlation between counting rate of neutron monilor at Climax and 
intensily of o-barlicles measured by Yates [!. 14] and Meyer [20]. 
The siraight line is drawn without considering November 13, 1960 
dala, 
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Two more experiments on determination of the flux and 
spectrum of a-particles with Ex< 120 Mev/nucleon during 
approximately the same’ ihterval of time on November 13, 1960 
were conducted by Ney and Stein [1.82] and Biswas et al, [21]. 
The results obtained in all the three experiments are compared 
in Figs. 8,5 and 8. 6 in which are shown the differential spectra 
of solar @ -particles according to the energy per nucleon and 
rigidity. Moreover, the rigidity scale in Fig. 8.6, a,is linear 
and in Fig. 8.6, b, it is logarithmic. It is obvious that Yates 
data [1.14] for relativistic  -particles are satisfactorily 
déscribed by the spectrum of the type ~ €or ~ R-? whereas 
the exponential rigidity spectrum, suggested by Freier and 
Webber [6] gives rise to sharp deviations (Fig. 8.6). In order 
to explain this deviation, Yates [1.14] suggested an interesting 
model of propagation of solar particles in the interplanetary 
space. 


Particlesm~"sec eterad’/Mey- 1 


Ss 


9 849 v.12, 1960 Biswas st al, 
© {2G Nv. 13, 1900 - NI 
LEY 2M. Nov. 13, 1900 Ney and Steln 
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2 4 1 a6 


bn. Mev/nucleon 
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Fig.8.5, The differential energy spectrum of solar a-particles according 
to the data obtained by various authors for the period OUENIE, 
12-13, 1960. The straight line corresponds to spectrum E~ 
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© 1940 Ndv.12, 1960 
© E27 Nov. 13, 1966 Biswas et al. 


6 B-20B Nov. 13, 1960 Ney and Stein 
© 1.5-BI5( Nov.13, 1960 Yates 


65 -10'R-3 


DY 
es 


= 


Parti cle.m “2sec~ leterad’! Gy 
Particle,m~2 sec-leterad-! Gy3! 


Ss 


S 


ou wo i 2 2 DP OSU? WINS hes was 


a) R,Gv b) R,Gv 


Fig.8.6. Differential rigidity spectrum of solar o-particles as an exponen- 
tial (a) and power (b) function. 

Two Forbush decreases in the intensity of cosmic rays 
were observed on the Earth during this period. These decreases 
commenced at 1930 UT on Movember 12, 1960 and at 1030 UT on 
November 13, 1960 respectively. At the commencement of the 
phenomenon, solar particles trapped in-between the two fronts, 
moving away from the Sun and which are related to Forbush 
decrease (I), not only got into the Galaxy but also filled up the 
region about the Sun (II) through the front close to the Sun, and 
because of this the number of & -particles in this region almost 
remained constant. About a day after the commencement of the 
flare, the fluxes of X-particles in the region in-between the 
"fronts'' and in the region close to the Sun became approximately 
equal, 


This contradicts the result obtained by Roederer et al. 
[22]. According to [22], a significant decrease in the flux of 
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solar particles with R~ 1 Gv was observed at about 1100 UT on 
November 13, 1960. In the opinion of Yates [I. 14], infiltration 
in the region II was more favorable for high-rigidity particles 
and this explains the increase in the flux of « -particles, with 

R 2 2.3 Gv, in the spectrum of solar cosmic rays after 1030 UT 
(i.e., in the region II), It follows from this that solar particles 
in the region I obviously had an exponential rigidity spectrum 
whereas their spectrum in the region II can be expressed as a 
power function of €, or R, , 


Waddington and Freier [23] doubted the validity of results 
obtained by Yates [I. 14]. They showed that the higher values of 
intensity of & -particles in Yates measurements are due to 
instrumental errors: this can be observed by comparing the data 
with emulsion measurements. The excess intensity might be, 
in particular, caused by the recording of low-energy solar 
protons whose flux was exceptionally high on November 13, 1960. 
In reply, Yates [24] confirmed that pulses from slow protons 
could not have led to the observed effect and that the exponential 
rigidity spectrum might be most probably caused by modulation 
of the generation spectrum of « -particles during their propaga- 
tion in the interplanet@ry space, 


In this connection, it may be mentioned that the strongest 
arguments of Freier and Webber [6] in favor of exponential 
spectrum at high values of R were based on the data of November 
15, 1960 flare event. Moreover, November 12-13, 1960 event, 
related to the presence of two magnetic “fronts" in the inter - 
planetary space, should be obviously different from November 
15, 1960 event. Actually, in the absence of front I, the particles 
in the region I would have been dispersed rapidly and lesser 
number of these particles would have entered the region II 
throgh the front II. . 


The differences in these two events were pointed out by 
Ogilwie and Bryant [25]. According to [25], the exponential 
rigidity spectrum does not correspond to observation data of 
November 12, 1960 because of relatively high flux of low-energy 
protons. The data, obtained on November 16, 1960 at 1951 UT 
(right up to & <15 Mev), are in agreement with the exponential 
spectrum (Fig. 8.7). This difference is apparently caused by 
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the flux of low-energy protons propagating to the Earth on 
November 12, 1960 along with solar plasma which was responsi- 
ble for the simultaneous geomagnetic disturbances. Rocket 
measurements were also made on November 16, 1960 during the 
magnetically quiet period. 
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Fig.8.7. Rigidity spectrum of solar parlicles at 1951 UT on November 16, 
“1960 based on the data of emutsion [28] and counter [83] measure - 
ments, 

The data on some other.flare events as well do not 
correspond to the exponential form of the spectrum. Fig. 8.8 
shows the rigidity spectra of solar particles due to February 23, 
1956 flare event at three different times. These curves are 
drawn in the semilogarithmic scale based on the spectra 
obtained By L.I. Dorman and L,I. Miroshnichenko [I, 36]. It 
may be noted that the February 23, 1956 flare also contradicts 
the assumption made by Freier and Webber [6] but this tendency 
is very much less due to the uncertainty in the position of 
experimental points along R-axis which, in its own turn, is 
caused by the insufficient number of stations which had recorded 
this flare, , 
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More accurate results were recently obtained for 
September 28, 1961, November 10, 1961 and October 23, 1962 
flare events. Based onthe data of satellite measurements 
beyond the limits of the Earth's magnetosphere, Bryant et al. 

[{I. 26] (for all the three flares) and L,I, Dorman and L,I, Miro- 
shnichenko [IV. 64] (only for September 28, 1961 flare) indepen- 
dently determined the spectra of nonrelativistic solar protons 

( €, < 500 Mev) at the time of their emission. These spectra, 
obtained on the basis of the diffusion theory (see Chapter IV) have 
a power function where the value of ¥ , for example for Septem- 
ber 28, 1961 flare, is within the limits 1.7-2.0. 


Feb. 23, 1950 


& 


8 


D(R), particle.cm eanc Jov:! 


¢c 


Fig.8.8. Differential rigidity spec!.a of s lar particles at 0600, 1U00 and 
2000 UT on February 23, 1956 [1. 36]. The uncertainty in the 
bosilion of points along R-axis which is same for all the three 
cases, is shown only for 2000 UT. 


If a graph of the dependence of the number of emitted 
particles against their rigidity is plotted in semilogarithmic 
scale, we obtain the curves shown in Fig. 8.9 (see (26, 27)). 
Although data on September 28, 1961 flare cover about 1 /30th 
range of rigidities, it is obvious from Fig. 8.9 that the shape of 
the emission spectrum for this flare (as well as for November 
10, 1961 and October 23, 1962 flares) contradicts the assumption 
made by Freier and Webber [6]. It may be mentioned that the 
Bpectrum of some protons, observed by Bryant et al. [I. 23] near 
the Earth, 46 hours after the commencement of September 28, 
1961 flare, had a power function v €*where %¥ ~3 inthe range 
EE, = 2-600 Mev. 
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“Sep. 28, 1962 


Noy. 10, 1961 


Particle/ Mv 


R, Mv 


Fig.8.9, Differential rigidity spectra of solar particles at the moment of 
emission for Septeniber 28, 1961, November 10, 1961 and October 
23, 1962 flares, Power rigidity spectrum of solar particles from 
Seplember 28, 1961 flare al the time of emission is shown on the 
right [1. 26; IV.64]. 
The rigidity spectrum of solar particles from September 
28, 1961 flare at the time of emission, obtained on the basis of 
the results [I. 26; I1V.64] is shown on the right in Fig. 8.9. It 
is obvious that, in accordance with the data of Fig. 14.33 taken 
from [IV. 28], the spectrum satisfactorily corresponds to the 
power function ~ R™, 


Thus, neither the exponential rigidity spectrum nor any 
other form of the above-mentioned functions is suitable for 
describing the spectrum of solar cosmic rays in the region of 
low-rigidities (R<500 Mv). 


The emission spectra for February 23, 1956; May 4, 1960; 
and January 28, 1967 flares are given in Chapter 1V. These 
spectra, relating to R>1 Gv, are also satisfactorily described 
by the power function ~ R-Y, 


The fact, that exponential form of the spectrum is not 
always suitable, does not contradict the observational data used 
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by Freier and Webber [6]. As a matter of fact, the above 
authors [6] obtained the information about the low-energy solar 
particles from the data of riometers whose sensitivity decreases 
rapidly at €, & 15 Mev. 


The dependence of the magnitude of absorption of cosmic 
radio noise on the spectrum of solar particles is illustrated in 
Fig. 8.10 taken from the work [6]. Here the continuous curves 
show the absorption, calculated on the basis of riometric data 
at a frequency of 30 MHz and caused by solar protons of integral 
spectrum I = Ipe -R/Ro at La 103 proton. cm“ sec! sterad-1 
and R, = 50,100,200 Mv. The value of absorption at an arbit- 
rary value of I, can be obtained from these curves by multiply- 


ing the value of the amplitude obtained from the Fig., by J Io/10: 
The dotted lines show the absorption due to protons of spectrum 
dI/d &, = K €:* at ¥=4, The value of K is selected in sucha 
manner that integral intensity of particles at R = 450 Mv(100 Mev) 
is equal to 0.1 proton. cm~*,sec™!, sterad"!, 


A, db 


0 


0 - 
70 60 500 400 00 20 WO 0 


R,Mv 
Fig. 8.10. Dependence of the absorption of cosmic radio noise on the rigidity 


of protons (continuous lines) at R, = 50, 100, 200 Mv and on their 
energy (dotted line) for the spectrum~¢ k* 
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Based on the data given in Fig. 8.10, it is interesting to 
point out that on using the exponential spectrum, the effect of 
latitude on absorption is found to be weaker for riometers 
installed north of 69° geomagnetic latitude (R* 100 Mv). This 
is due to the fact that in the case of vertically falling particles, 
the maximum absorption per particle is obser ved to be in the 
range &, = 20-40 Mev. At still lower energies, the sensitivity 
of the riometer decreases because the particles get arrested 
high up in the atmosphere where the frequency of their collosions 
with air atoms is low. This decrease in sensitivity is possibly 
compensated by the increase in the steepness of the spectrum 
(at Ry <= 50 Mv) when at least half of the total absorption is caused 
by the particles with &, < 20 Mev. 


It follows from the above that the extrapolation of the 
spectrum from the riometric data for E,715 Mev, to the region 
of extremely low rigidities (right up to R = 9) leads to an error 
in the calculation of Ij. The value of I,, obtained by extra- 
polation, can be a suitable parameter for describing the spec- 
trum in the region of high energies but it does not essentially 
correspond tu the intensity of particles of rigidity close to zero. 
It should also be pointed out that the dependence of rigidity 
R(t) on time and its change from flare to flare, still more 
complicate the interpretation of experimental data. Obviously, 
the exponential form of the spectrum for the solar particles 
cannot be taken as the universal spectrum. 


Let us consider some more effects relating to the inter- 
pretation of the observed spectrum of solar particles. 


The motion of magnetic irregularities in the interplanetary 
space does not have a noticeable effect on the spectrum of solar 
particles in the beginning of the flare and at the initial stage of 
the decrease in intensity at the Earth's orbit. However, this 
effect can be significant at later stages especially for particles 
giving rise to polar absorptions of short radio waves (see 
Section 14.9). Obviously, the drifting of particles in the irregu- 
lar interplanetary fields cannot explain some of the peculiari- 
ties of cosmic-ray flares, e.g., the significant delay. of low- 
energy particles as compared to high-energy particles. Anti- 
fermi retardation in the diverging beam of irregularities be- 
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comes noticeable only for particles of extremely low energy 
whose spectrum in this case, according to L.I, Dorman [I. 59] 
becomes more plane. 


Thus, the interpretation of the spectrum of solar cosmic 
rays, measured at the Earth's orbit, is based on two fundamental 
assumptions: 1) the peculiarities of the spectrum near the 
Earth are defined by the characteristics of the mechanisms of 
acceleration and exit of particles from the origin on the Sun 
(local magnetic trap); 2) the shape of emission spectrum 
hardly changes from flare to flare and its peculiarities near the 
Earth are defined by the diffusion (exit) of particles out of the 
trap of the solar system, It is not e!iminated that both these 
possibilities may occur simulataneously but the modern state of 
this problem does not facilitate estimation of their relative role 
in the formation of spectrum of solar cosmic rays. 


9. COMPOSITION OF SOLAR COSMIC RAYS 


Protons are the main constituents of solar cosmic rays. 
Investigations conducted during the earlier years led to the de- 
tection of various nuclei with Z 3 2 as well as electrons and 
‘neutrons. The very fact of their presence, energy spectra and 
relative content are of great importance not only for studying 
solar cosmic rays but also for understanding the physics of the 
Sun and for studying the nonsolar cosmic rays. 


The first significant successes in the study of composition 
of solar cosmic rays was achieved during the years of the last 
maximum solar activity (1957-62). At present, the picture is 
more or less clear in general, and therefore, main attention is 
being paid to the details of this problem, 


We have, of course, the most elaborate information on 
protons. 


The energy spectra of solar protons and helium ouclei 
were simultaneously measured in a number of cases with the 
help of photo emulsions on balloons (Biswas et al. [1.81], 

Biswas and Freier [15], Ney and Stein [I.82], Freier and Webbcr 
[6], Freier [10,11]) and on rockets (Biswas et al. [28; I. 24]). 
In spite of their limited number, these measurements are of 
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much significance since the difference in charge to mass ratios 
for protons and a-particles facilitates differentiation of their 
beams according to velocities and rigidities. 


With regard to the isotopic composition, significant fluxes 
of deutron were recorded in two cases (Balasubrahmanyan et al. 
[29]) and sufficiently rigid upper limits were obtained in two 
other cases (Biswas et al. [1.24], Waddington and Freier [I. 28]). 
The presence of tritium and He? in solar cosmic rays was also 
detected (Fireman et al. [30], Tilles et al. [31], Schaeffer and 
Zahringer [I.56]). 


Small fluxes of still heavier nuclei were also recorded in 
a number of experiments (Fichtel and Guss [32], Biswas et al. 
[28; 1.24], Yagoda et al. [33], Pomerantz and Witten [34], L. V. 
Kurnosova et al. [35], Biswas and Fichtel [36]). Apparently, 
these nuclei are always present in solar cosmic rays since they 
are recorded every time when the observed intensity of solar 
particles is sufficiently high so that one expects the appearance 
of heavy nuclei on the basis of their relative content in other 
cases. 


The detailed investigation, conducted by Biswas et al. 
[I. 24] and Biswis and Fichtel [36], shows that the composition of 
nuclei with Z 72 is apparently similar to the composition of 
solar atmosphere and considerably differs from the composition 
of cosmic rays beyond the limits of the solar system. 


According to the observations of Earl [1.122], Ney and 
Stein [I.82] and Cline et al. [V. 130], the intensity of high-energy 
electrons in the interplanetary space is very low. As a matter 
of fact, the measurements of Meyer and Vogt [V. 125] are the 
only available convincing proof of the existence of electrons 
caused by solar flares. These scientists with the aid of bal- 
loons, observed a significant flux of electrons over Churchill on 
July 22, 1961. However, even in this case, their intensity was 
extremely small as compared to the intensity of protons (see 
Section 22), 


There is no direct indication about the presence of solar 
neutrons in flares but a number of considerations point out the 
possibility of their generation on the Sun (see Section 23). 
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In this section, basic experimental results on charge and 
energy spectrum of solar nuclei are described and the data on 
isotopic composition of hydrogen and helieum nuclei are also 
given. 


9.1 Distribution of solar nuclei according to charge and their 
spectra depending upon the energy and rigidity. At present, 


it is appropriate to mention only of multiple-charged nuclei 

(Z 2 2) since obviously there is no specific relation between the 
fluxes of protons and heavier nuclei. This conclusion follows 
from the similarity in the composition of nuclei Z > 2 (indepen- 
dent of the energy), from the data on different flares and for 
different periods during a particular flare and from the fact that 
the relation between fluxes of protons and a-particles changes 
significantly from flare to flare. 


The results obtained by different authors using different 
types of equipment installed on balloons, rockets and satellites 
are summarized in the detailed review of Biswas and F ichtel 
[37]. 


In the case of balloon measurements, the minimum energy 
of detected particles is determined by the atmospheric absorption 
(about 75 Mev/nucleon) or by the cut-off rigidity in the geomag- 
netic field. If the measurements are made near the magnetic 
poles with the aid of rockets or satellites, the lower limit of 
the energy of detected particles is defined by the parameters of 
the detector itself, This limit is usually of the order of Ex,< 10 
Mev. 


Since the solar particles are distributed not only according 
to the charge but also according to their velocities, it is neces- 
sary to study with the passage of time, the change in their 
nuclear composition as well as in the distribution of velocities. 
In addition, the possible variants of these distributions for 
different cases should also be taken into account, Finally, it is 
advisable in each case to differentiate the effects of velocity and 
rigidity of particles since the acceleration and distribution of 
solar cosmic rays may depend on both the parameters, 


While analyzing the data, it should be kept in view that the 
ratio Z/A for protons is about twice the corresponding ratio for 
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nuclei with Z % 2 from which at a given speed, we get 
R= 1/2Rz>2 


In those cases, when the fluxes of protons and other nuclei 
are measured simultaneously, it is possible to write simple 
expressions describing the distribution of particles according to 
the rigidities or energies per nucleon in a limited range: 


dijde=C(A, Z, £)(e/e)** 7°, (9.1) 
dl|dR=K(A, Z, thexp[—RIR (A. Z. Mp (9.2) 


where I is the integral intensity of particles; A is the atomic 
number of the element; Z is the charge of the nucleus; & is the 
total energy; & is the potential energy and Ro is the characteris- 
tic rigidity. 


Although these expressions explain the spectrum of solar 
particles in a simple manner in a limited range of energy or 
rigidity, it should be kept in view that neither (9.1) nor (9. 2) 
is applicable for all energies and for all instants of time (see 
Section 8). The measured vaiues of ¥ and R, are given in 
Table 9.1. The ratios of the flux of protons to that of helium 
and of protons to medium nuclei are shown in Table 9.2. Both 
the tables show the results of only those experiments in which 
measurements were taken on more than One component of solar 
cosmic rays. 


As shown by Freier and Webber [6] for the first time, the 
rigidity spectra of protons and helium nuclei are often similar 
in shape, i.e., the parameter R, in formula (9.2) is approxi- 
mately the same for these two types of particles, The differ- 
ential rigidity spectra of protons, a-particles and medium 
nuclei, recorded by Biswas et al. [I. 24] on November 16, 1960 
at 1951 UT, are shown in Fig. 9.1 as an example but the flux 
of medium nuclei was multiplied by 60 to superpose the spectra. 


However, the observation of Freier and Webber [6] are 
not always complied with. The values of R, differed s ignifi- 
cantly at 1603 UT on November 13, 1960, at 1405 UT and at 
9930-1700 UT on September 3, 1960 when it was possible to 
measure the spectra of protons and multiple-charged particles 
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Fig.9.1. Differential rigidity spectra of protons, o- particles and medium 
nuclei. 
a) at 1951 UT on November 16, 1960; 6) at 1603 UT on November 
13, 1960. 
To superpose the spectra, the flux of medium nuclei was multi- 
plied by 60. 
in a wide range o1 rigidity. An analysis of these data, by Biswas 
and Fichtel [36], showed that the probability of agreement of the 
values of Rg for protons and a-particles in the above-mentioned 
cases was less than 0.1%. 


Fig. 9.1,b shows the rigidity spectra of solar protons, 
a-particles and medium nuclei recorded at 1603 UT on November 
13, 1960 (as in Fig. 9.1, a, the flux of medium nuclei is multi- 
plied by 60). Observations were made with the aid of photo- 
emulsions mounted on balloons and rockets (see the references 
in Table 9.2). In the balloon experiments, the measurements 
covered the energy range of 300-800 Mev for protons and 80- 

300 Mev/nucleon for a-prrticles whereas in subsequent measure- 
ments, for proton and a-particles, the range studied was 15-300 
Mev and 30-130 Mev/nucleon respectively. 
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It was established, that, in spite of the similarity in 
rigidity spectra, the ratio of the flux of protons to that of a- 
particles in the given rigidity range changes significantly from 
event to event and from time to time during the course of the 
given event. At R> 0.8 Gv, this ratio changes within the limits 
1-50 and a tendency to stick to lower values is observed. Some 
of the ratios obtained experimentally are given in Table 9. 2. 
The data are taken from the work of Freier and Webber [6] for 
R® 0.8 Gv and of Biswas and Fichtel [36] for R = 0,5-1.0 Gv. 
Moreover, Table 9.2 also contains the data of Balasubrahmanyan 
et al. [29] obtained with the aid of counting telescope on board 
the satellites of the type "IMP" 


In all those cases where the fluxes of protons and a-parti- 
cles were measured in the same range of energy per nucleon, 
the energy spectrum of a-particles was much more steeper than 
that of protons. Fig. 9.2 shows atypical example of such an 
effect at 1951 UT on November 16, 1960 based on the data of 
Biswas et al., [I.24] (flux of a-particles-is multiplied by 10 and 
that of medium nuclei by 600), The corresponding values of y, 
obtained on the basis of relation (9.1), are given in Table 9.1. 


While studying the relation of protons to a-particles at a 
given velocity range, it is necessary to precisely define this 
range since the relation, as is obvious from Fig. 9.3, may 
depend significantly on the energy. In addition to these changes 
during a particular event, it is pointed out that the ratio of pro- 
tons to a-particles in a given velocity range may change signifi- 
cantly from event to event. Table 9.2 gives the ratios measured 
for those cases for which it was possible to compare the fluxes 
of protons and a-particles in the same range of energy per 
nucleon, Data on protons, used for comparing with the flux of 
a-particles in [39], were obtained by Guss and Waddington [40] 
by measuring with an emulsion pile similar to the one used in 
the.work [39]. 


9.2. Multiple-charged nuclei. Information about_heavy 


nuclei (Z > 3) is, at present, more limited than the data on 
protons and a-particles. Since the mean free path without inter- 
action in air is small for heavy nuclei, almost the whole of the 
information about these particles was obtained with the aid of 
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Fig.9.2. Differential energy spectra of protons, 1-particles and mediun 
nuclei at 1951 UT on November 16, 1960 [1.24]. To properly super— 
pose the spectra, the flux of He-nuclei is multiplied by 10 and 
that of medium nuclei by 600. 


rockets and satellites. Only in two cases the high-energy heavy 
nuclei of solar origin were recorded by balloons. 


Heavy nuclei were detected for the first time by Fichtel 
and Guss [32] during the September 3, 1960 flare event with the 
help of nuclear photoemulsions mounted on a rocket over Chur- 
chill. Later on, these nuclei were recorded during November 
1960 by Biswas [28], Y agoda et al. [33], and Ney and Sten 
[I. 82] using photoemulsions on balloons, rockets and sattellites, 
and by Biswas and Fichtel [36] using a system of Cerenkov detec- 
tors. The increase in the flux of heavy nuclei on July 18, 1961 


‘yas confirmed by balloon-borne emulsion measurements taken 
by Biswas et al. [39]. 
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Fig. 9.3. Ratio of the intensities of protons and o-particles as a function of 
kinetic energy per nucleon, 


The presently available data confirms that the spectra of 
a-particle and medium nuclei, according to the energies per 
nucleon, have the same shape. The values of y in equation 
(9.1), calculated by Biswas and Fichtel [36] for a-particles and 
medium nuclei, agree within the limits of experimental error 
(see Table 9.1). Moreover, since the medium nuclei have the 
same Z/A ratio as helium, their rigidity spectra must have the 
same shape,of course, if one assumes that the nuclei have 
completely lost their electron shells. Similarity in spectra of 
helium and medium nuclei becomes obvious from Figs. 9.1 and 
9.2. 


During the above-mentioned three flares, it was possible 
to measure the relative content of helium and medium nuclei in 
the same rigidity range and it was found that the relative content 
was the same within the limits of experimental errors (see 
Table 9. 3). A change in this ratio, within the limits of two 
standard errors, is obviously not very important since one such 
deviation at 0600 UT on November 17, 1960 is quite possible 
statistically, whereas the deviation in the other two cases of 
the same flare does not go beyond one standard error. It follows 
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from this that, since the ratio of helium to medium nuclei re- 
mains constant, the ratio of protons to medium nuclei should 
change exactly in the same manner as the ratio of protons to 
helium (see Fig. 9. 3). 


: TABLE 9.3 


Ratio of the flux of c-parricles to that of medium nuclei 


Time of measurement, Energy range SE A(He, M,A€é 3* References 
UT . Mev/nucleon , 

14, 08 

Septernber 3, 1960 42.5 - 95 68+21 {32; 1.24] 

18.40 

November 12, 1960 42.5 -95 63+ 14 [21] 

16,03 

November 13, 1969 42.5 - 95 72+ 16 (21] 

19.51 

November 16, 1960 42.5 - 95 61+ 13 [i. 24] 

06. 00 

November 17, 1960 42.5 - 95 38+ 10 [1.24] 

0.3.39 

November 18, 1960 42.5 - 95 53+ 14 [1.24] 

Average of 6 events 42.5 - 95 60+7 

12, 25-23.45 ; 

July 12, 1959 150 - 200 > 100+ 35 [28] 

10,30-12,30 

September 15, 1960 175 - 280 « 100+ ee [1.82] 

13.05-19.18 

July 18, 1961 120 - 204 69+ 16 [39] 


* A(i,j,k) is the ratio of the flux of particles of the type i in the range k to the flux of 
particles of the type j in the same range. 


According to the data obtained by five independent measure- 
ments by Biswas et al. [I. 24; 21], the relative content of heavier 
nuclei in the flux of all the nuclei, measured in a constant range 
of energy per nuclean, during two flares (Table 9.4), was 
found to be the same. This result facilitates the assumption 
that at a sufficient flux of heavier nuclei in a wide rigidity range, 
their rigidity spectrum will be the same as that of a-particles 
and medium nuclei. 
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Thus, on the basis of the data obtained, it is possible to 
study the relative abundance of multiple-charged nuclei in the 
composition of solar cosmic rays but a better estimate of the 
relative content can be obtained by using the average data of all 
the recorded events in a constant velocity range. Data on five 
flights, averaged in this way, are given in Table 9.5 by taking 
oxygen content to be equal to unity. It is obvious from Table 
9.5 that medium nuclei (6 S$ Z £9) constitute most of the heavy 
nuclei (Z > 2) whereas the Be and B nuclei were so few that it 
was possible to determine only the upper limit of their content. 


The detailed analysis shows that the relative abundance of 
energetic solar particles within the limits of the errors agrees 
with the composition of solar atmosphere determined spectro- 
scopically. Since the abundance of elements on the Sun is 
similar (but not identical) to their abundance in the Universe, 
solar cosmic rays also have such a similarity. On the other 
hand, the composition of solar cosmic rays considerably differs 
from that of galactic cosmic rays which, as is well-known, are 
richer in heavy nuclei. 


In some measurements, undertaken by a group of Soviet 
research workers under the guidance of L. V. Kurnosova [35], 
increases of duration of 2 to 20 minutes in the flux of heavy 
relativistic nuclei (2600 Mev/nucleon) were recorded and which 
were not connected with the usual flares of solar cosmic rays. 

A part of these measurements was obtained on a satellite-borne 
system of Cerenkov counters. Although, in other experiments 
as well, there was a possibility of recording similar effects 

[41], no such increases were observed in the measurements [41]. 
This aspect is considered in more detail in Section 9.4 


Regarding the discovery of heavy nuclei (Z > 2) in solar 
cosmic rays, many interesting questions arise, and a final 
answer will be only possible after conducting additional experi- 
ments, 


In this connection, the results of Biswas et al. [39] on the 
measurements of helium and heavy nuclei during the July 18, 
1961 flare event are of great interest. These results Support 
Many assumptions put forward earlier regarding the measure- 
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ment of solar particles in the three previous powerful flares 
during which heavy nuclei were recorded: September 3, 1960 
(Fichtel and Guss [32]); November 12, 1960 (Biswas et al. [21], 
Yagoda et al. [33], Pomerantz and Witten [34]); November 15, 
1960 (Ney and Stein [1.82], Biswas et al. [1.24], Biswas and 
Fichtel [37]). 


Emulsion measurements [39] were made with the help of 
balloons launched over Chruchill and which drifted to a medium 
altitude with the residual pressure of .2. 07 g/cm2, The emul- 
sion pile was rotated vertically when the balloon attained the 
"ceiling'' and remained in this position during 1305 UT and 1918 
UT on July 18, 1961. According to the riometer data 30 MHz 
at Churchill, polar absorption started at about 1100 UT on 18th 
July, attained a maximum value of about 8 db at 1200 UT and 
remained at this level for the rest of the day. The latter fact 
signifies that the average flux of particles during the exposure 
of the pile did not change significantly. The tracks were pro- 
cessed in such a manner that the minimum energy of medium 
nuclei (6 < Z ¢ 9) was about 120 Mev /nucleon and the maximum, 
204 Mev/nucleon. Inall, 51 tracks for heavier nuclei and 73 
tracks for helium were analyzed. 


Extrapolation of the intensity of helium nuclei to the 
atmospheric boundary is, to some extent, indefinite because of 
the absence of information about the energy dependence of the 
mean free path of these nuclei in air and in emulsion. In the 
given case, this parameter plays a leading role as the contribu- 
tion of helium nuclei, due to secondary particles and due to 
fragmentation of heavy nuclei, to the observed flux is very 
small in the considered energy range. At large energies, the 
mean free path for absorption is equal to 21.4 cm in emulsion 
(51 g/cm2 in air); at extremely low energies, the correspond - 
ing values are very high. It was found that by considering the 
absorption and by neglecting the corrections -0.86x 103, the 
intensity of helium nuclei at the atmospheric boundary was 
equal to ~ 1, 03xl 03 cm-4 sec-], sterad~!. A compromise 
value of 0.95 + 0.13xl 03 was selected for analysis. The inten- 
sity of medium nuclei was found to be equal to 12.0+ 1.8 cm72 
sec-! sterad-! in the range ey = 120-204 Mev/nucleon. Thus, 
the ratio of the flux of helium nuclei to that of medium nuclei 
was equal to 79 + 16. 
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Fig. 9.4 shows the energy spectra of these two groups of 
nuclei. It is obvious that if the flux of medium nuclei is multi- 
plied by 60, i.e., by the average ratio of the fluxes of helium and 
medium nuclei, obtained by Biswas and Fichtel [39] for the pre- 
vious cases, the spectra are the same and within the limits of a 
narrow interval of change. Ifthe results of this work are com- 
pared with the results of six other experiments mentioned in 
Table 9. 3, and by assuming that all the experiments are simi- 
lar in nature, we obtain the ratio of helium nuclei to medium 
nuclei equal to 62+6. 


“1 


July 18, 1961 


& 


@ c-particles 


© Medium.tucl el! 


+ 


dI/dR, particle.m -2oec ‘I sterad”)(Mev/nucleon) 


We SD ee, 
20 
b, Mev/nucfeon 


Fig.9.4. Differential energy spectra of particles and medium nuclei on 
July 18, 1961 [39]. 

Out of 9 heavy nuclei, which do not fall under the group of 
medium nuclei, only one nucleus was found to be light one 
(3 &2Z#<¢5). Duetothe presence of matter over the detector 
in which light nuclei might be formed and due to limited possi- 
bilities for determining the charge, it is possible to mention 
only the upper. limits of the flux of light nuclei and it was found 
to be equal to 0.7 of the flux of medium nuclei. The remaining 
8 nuclei had a charge from 10 to 14 and had the same range of 
mean free path. It follows from this that they had higher energy 
per nucleon. Based on the obtained flux of medium nuclei and 
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their relative content in the previous cases, the presence of 

5 nuclei with charge between 10 and 14 should be expected so 
that the measured amount may be in conformity with their con- 
tent as in the previous caSes. 


The flux of helium nuclei in the composition of galactic 
cosmic rays during this period of solar cycle has been obtained 
by Fichtel et al. [42] whereas the flux of heavier nuclei can be 
estimated from the data on composition of cosmic rays, taking 
in account the results of measurements obtained for low-energy 
nuclei during the previous year (Fichtel et al. [43], Balasubra- 
manyan et al. [29], Comstock et al. [44], Reames et al. [45]). 
The values obtained for the intensities in the units of particles. 
cm7* sec”! sterad-! are 6. 9+11 for helium in the range 120- 
204 Mev/nucleon, 0. 23 #0.05 for medium nuclei and 0. 07+0.02 
for nuclei having Z 710 in the same energy range. Thus, the 
contribution of galactic particles to the flux of solar nuclei can 
be neglected. 


The observation of heavy nuclei on July 18, 1961 includes 
this case in the group of four previous flares during which 
heavy nuclei were detected. 


According to Biswas and Fichtel [37], the composition of 
solar nuclei, in detail, reflects the composition of the:solar 
atmo sphere only within those limits where a comparison is 
possible. The carbon to oxygen. ratio measured by Biswas et 
al. [39], agrees with the value of 0.6 obtained earlier. The 
Small amount of light nuclei is also in conformity with the pre- 
vious estimates. The amount of heavy nuclei (Z 710) also does 
not contradict other experiments. 


These results, especially the marked constancy of the 
ratio of helium to medium nuclei, support the assumption that 
the composition of multiple-charged nuclei is apparently re- 
tained from flare to flare. In Table 9.5, the results of 
measuring the composition are summed up and a comparison is 
made with the abundance of nuclei on the Sun, in the Galaxy and 
in the galactic cosmic rays. As already mentioned, the compo- 
sition of solar cosmic rays is similar to that of the solar at- 
mosphere and significantly differs from the composition of 
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galactic cosmic rays. Since the significance of this fact was 
discussed in detail earlier [37], only a few additional comments 
will be made here. 


1) Since the Sun is characterized by the presence of 
elements typical of the most ordinary star and since this con- 
tent is obviously reflected in the composition of solar cosmic 
rays, it is proper to conclude that the difference in the nuclear 
composition of galactic cosmic rays and ordinary stars is the 
only source of galactic cosmic rays. Therefore, galactic 
cosmic rays have probably an extremely specific source, 
possibly Supernova stars (see, for example, [I.21]). 


2) Energetic nuclei coming from the Sun with charges 
from Z2%2 to a maximum of Z = 20 obviously reflect the compo- 
sition of the solar atmosphere. If the composition of these 
nuclei is taken to be characteristic of the Sun, their relative 
abundance, given in Table 9.5, can be used for estimating the 
abundance of helium and neon on the Sun by considering that it 
is not possible to correctly estimate their content in the photo- 
sphere by spectroscopy. The average ratio of helium to oxygen 
is equal to 107+ 14 while that of neon to oxygen is 0.1340. 02 
(Biswas and Fichtel [37]), According to the estimates of Suess 
and Urey [48] and Cameron [49], the ratio of neon to oxygen is 
close to their abundance in the Universe although it is slightly 
less than that inthe Universe. The ratio of helium to medium 
nuclei is typical; however, ‘the ratio of protons to helium is of 
great importance. Due to several factor which are -felated to the 
different energy spectra and to the charge to mass ratio, there 
are no simple, real methods of determining this ratio only from 
the data on solar cosmic rays. Ifthe ratio of helium to medium 
nuclei, equal to 62+ 7, {s considered to be characteristic for the 
Sun and the ratio of protons to medium nuclei, obtained by 
spectroscopy, viz. 650 (Aller [46], Goldberg et al. [47]), is 
used, we get the ratio of protons to helium to be of the order of 
10.5+4.0. The accuracy in this value depends on the accuracy 
of assumptions made above and on the correctness in the ratios 
of protons and helium to medium nuclei. Thus, the estimated 
error in the ratio of protons to helium is large and incorrect. 


3) Hoyle and Taylor [51] pointed out that the low order of 
the ratio of hydrogen to helium obtained by the above-mentioned 
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method along with other similar ratios observed for other 
cosmic objects does not agree with the ratios expected from the 
assumption that the relative abundance of hydrogen and helium in 
the Universe is mainly determined by the processes going on in 
the ordinary stars. Hoyle [52] considers that this result faci- 
litates the assumption that the density of matter in the Universe 
was more in the past than at present. 


4) Since the mechanism of propagation has a similar 
effect on particles with the same charge to mass ratio, the 
similarity in the energy spectra of helium and medium nuclei 
and the constancy in the composition of multiple-charged nuclei 
are probably the properties of particles at the end of the accele- 
ration phase. In order to explain these effects, it is conve- 
nient to consider Fermi's acceleration mechanism [I.57; 53]. 
Hayakawa et al. [54] concluded that the Fermi process is the 
dominating process during the acceleration of nuclear particles 
in the non-relativisitic region. It was shown earlier (Biswas 
et al. [21]) that, in general, the spectrum, simultaneously 
depending on. the velocity and rigidity of particles, can be ob- 
tained as a result of Fermi process and that the particles having 
low charge to mass ratio will have a steeper energy spectrum 
in the region of high energies. This modified Fermi mechanism 
must lead to similar spectra for all nuclei having the same 
charge to mass ratio; however, the spectra for protons and a- 
particles will be different, and this is observed in actual prac- 
tice. 


Similarity of charge spectra of multiple-charged nuclei in 
solar cosmic rays is an interesting feature and this is due to 
important physical changes occurring as a result of significant 
changes in many other characteristics of solar particles. 


Till this time, there is no proof of the fact that the re- 
lative abundance of multiple-charged nuclei in solar cosmic rays, 
in every case, reflects the composition of the solar photo- 
sphere. If future experiments confirm it, a reliable estimate 
of the abundance of helium and neon will be obtained. Moreover, 
theories of acceleration of solar particles must be in confor- 
mity with the composition of multiple-charged particles reflec- 
ting the composition of the solar atmosphere while theories 
on the evolution of the Universe must conform to the observed 
hydrogen to helium ratio. 
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9.3 Isotopic composition of solar nuclei. By this time, 


some amount of data has been obtained on the isotopic composi- 
tion of only hydrogen and helium nuclei®. 


As mentioned earlier, protons constitute the largest. part 
of single-charged solar nuclei. A number of experiments were 
conducted in earlier years to detect the possible existence of 
deuterons and tritons. 


Based on the data of rocket measurements obtained during 
September 12, 1960 flare event, Biswas et al. [21] showed that 
the fraction of deuterons with respect to protons is less than 
3x10-3 inthe range &4 = 25-48 Mev/nucleon. Later, on the 
basis of data of July 18, 1961 flare event, Waddington and 
Freier [I. 28] found an upper limit of this ratio to be equal to 
2x10-3 in the range &,750 Mev/nucleon. Both these experi- 
ments were conducted with the aid of photoemulsions, Accord- 
ing to the observation of Balasubramanyam et al. [29], the ratio 
of deuterons to protons was equal to 5x10-3 for protons with 
6, = 5-75 Mev and deuterons with &, = 20-100 Mev. This ratio 
was observed during the two events viz., February 5, 1964 and 
March 16, 1964, Since the particle spectrum rapidly decreases 
with energy, this ratio in the same interval of energy per nuc- 
leon will be slightly less than 5x1 0-3 but it will still have some 
finite value. Measurements [29] were made with the sid of a 
telescope of scientillation counters abroad the satellite "IMP-1"' 
It is important to mention that extremely low solar activity, 
approximately equal to zero, coincided with the last two events 
when deuterons were actually recorded while the other two, 
events were caused by powerful solar flares. 


The finding of another isotope of hydrogen, namely, tri- 
tium, in the composition of solar cosmic rays is of great 
interest. Small amount of tritium was detected by the radio- 
chemical method in the casing of the satellite ''Discoverer-17" 
which was brought back to the Earth, and from an analysis of 
the data of rocket measurements on September 12, 1960 
(Fireman et al, [30] Tilles et al. [31]). The observed flux of 
particles consisted of tritons temporarily trapped in the radia- 
* Recently B.M. Kuzhevskii [166] studied the possibility of generation of 


radioactive isotopes of heavy nuclei, especially of Be’ and Co56 (see the 
remark on paye 29). 
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tion belts and found in the satellite material, and of tritons 
apparently existing in galactic cosmic rays. It is difficult to 
make a quantitative estimate of the abundance of tritons due to 
the lack of direct observations of the integral flux of protons 
during the flight of the satellite "Discoverer-17". 


Considering most of the tritons to be of solar origin 
(Tilles et al. [31]) and taking the integral flux of protons with 
€, > 30 Mev within the limits from 109 cm2.sec”! (according to 
the estimate based on riometer data by Biswas and Fichtel [37] 
and on data of direct measurements made several times during 
November 12, 1960 flare) to 4xl 0? em7* sec7 (according to the 
estimate made by Lal et al. [I. 29] by the radiochemical method), 
we find the triton to proton ratio to be equal to (1-4)x10-3 at 
&,> 30 Mev/nucleon. On the basis of the radiochemical ana- 
lysis, Lal et al. [I. 29] arrived at the conclusion that more than 
80% of the recorded tritons were secondary and hence, the ratio 
of tritons to protons in the region €,.730 Mev/nucleon should 
apparently be reduced to 2xl 0-4, 


Based on rocket measurements obtained during the Novem- 
ber 12, 1960 flare event, Tilles et al. [31] found the integral 
flux of tritons to be of the order of 8x10* cm-2,sec™! in the 
energy range of 0-27 Mev/nucleon. For the same flare, accord- 
ing to the data of rocket measurements made by Ogilwie et al. 
[55] with the help of scintillation counters, the integral flux of 
protons was found to be 8x10? cem™4 sec inthe energy range of 
2-27 Mev/nucleon. It follows from this that the ratio H3/uH! = 
10-3 for particles with by, = 0-27 Mev/nucleon. It was estab- 
lished by direct measurements, taken by Biswas et al. [21] with 
the aid of photoemulsions in the same rocket on November 1960, 
that the upper limit for the flux of tritons is equal to 0.7 cm=4 
sec”! sterad-! inthe range &% = 20-45 Mev/nucleon. The 
intensity of protons measured in the same experiment and for 
the same energy range was equal to 0.9x10 cm~2 sec-!1. sterad-1, 
Thus, the ratio of tritons to protons in the range 20-45 Mev/ 
nucleon is either less than or equal to 1073, During July 18, 
1961 flare event, Waddington and Freier [I. 28], while making 
emulsion measurements on balloons, established the upper 
limit of this ratio to be 0. 6x1 0-3 in the region E750 Mev/ 
nucleon, 
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Thus, all the available experimental data show that the 
ratio of deuterons to protons in-solar cosmic rays in the range 


.& = 

€,.= 10-10 Mev/nucleon is a value that is a few times multi- 
plied by 10°” or less while the ratio of tritons to protons is 
probably less than 10-3, These ratios can apparently change 
from event to event and therefore, it is not surprising that the 
limit obtained for one event may be more rigid than that obtained 
for another event. Moreover, these ratios should obviously 
change depending upon the velocity range. 


Waddington and Freier [I. 28] described an experiment to 
measure the relative abundance of hydrogen isotopes in high- 
energy particles generated during July 18, 1961 solar flare. 
Since the theory and method adopted to study the isotopic com- 
position of solar cosmic rays, is of great interest, we will 
consider this work in more detail. The results of study of the 
isotopic composition, obtained by other authors, will also be 
discussed simultaneously. 


It was shown by observations of Biswas et al. [I. 24] and 
Biswas and Fichtel [36] that the content of deuterons and tri- 
tons in the range @.=20-200 Mev in solar cosmic rays is very 
low. From the‘above, it was immediately expected that the 
ratio of number of deuterons to that of protons having.a velocity 
greater than ldp (>v) (or correspondingly, the energy per 
nucleon greater than the given Cap (>€) will be certainly less 
than 5x10-2 whereas the similar ratio for tritons should be: still 
less. Therefore, in order to measure VapC>ejor Vep(ee), itis 
very much necessary either to study the traces ofa large num- 
ber of particles at high permissible masses or to expose the 
detectors under such conditions when these ratios are large, 

If this increase cannot: be measured in practice, then it means 
that the measurement of these small ratios is beyond the limits 
of the resolving power of the existing counting detectors and 
they can only be measured with the help of nuclear photoemul- 
sions with extremely complex experimental techniques. How- 
ever, if the detectors are exposed in-the presence of a geo- 
magnetic field, then there may be circumstances under which 
there is a possibility of a considerable increase in the value of 
these ratios. 
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Since deuterons and tritons have a charge-to-mass ratio 
different from that of protons, they are subjected to geomagnetic 
cut-off action differently and can penetrate to a given geo- 
graphical point at a velocity less than that of protons. Conse- 
quently, the corresponding selection of geomagnetic threshold 
should. in principle, make it possible to observe a pure beam 
of deuterons and tritons without any proton contamination within 
a specified velocity range. 


As a matter of fact, the geomagnetic thresholds deter- 
mined experimentally are not very accurate. Even then, accord- 
ing to Earl [12], they have a tendency to decrease according to 
an exponential law and as such the differential intensity dI at 
some magnetic rigidity R, which is less than the rated cut-off 
rigidity (threshold) R,, is determined from the formula 


d] =d],exp|— B(R. — R)], (9, 3) 


where dl, is the differential intensity in the absence of geo- 
magnetic field. In order to calculate these ratios, it is neces- 
sary to study the distribution of solar cosmic rays according to 
their velocities. 


It was shown by Freier and Webber [6] that, in general, 
this distribution is best observed with the help of rigidity spectra 
in the exponential formI =Ig exp (- R/Rg) where Ro and Iy are 
constants, Frrther, I, is a function of mass number A while 
Ry, generally speaking, does not depend on A at least for pro- 
tons, a-particles and heavier nuclei. Consequently, the value 
of Rg can approximately considered to be the same for deuterons, 
tritons and protons. This is the basic assumption in subsequent 
analysis and Ry is considered to be independent of mass number. 
The value of Rg was experimentally measured at least for two 
components during about 20 different events (Biswas and Fichtel 
[36], Freier and Webber [6], Freier [10]). Only during two 
events, Biswas and Fichtel [36] detected a significant change in 
the values of Rg for different components, 


Based on the above-mentioned assumption, the differential 
intensity of protons at a given rigidity can be represented in the 


form 
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(dI/dR), = — D (Io, Ro) exp (— R'Ra)s (9.4) 


where Ig, is the corresponding value of Ig for protons and ® is 
the attenuation coefficient of intensity caused by the geomagnetic 
field; in accordance with equation (9.3) P=1 at R > R¢ and is 
determined by the exponential exp [-B(R,-R)] at R< R. 

Similar expressions can be written for deuterons (al/dR) 4 and 
tritons (dI/dR)}. by replacing I, p Py Tod and lot respectively. 


Measurement at high altitudes show that different particles 
have rigidities which, on extrapolation to the atmospheric 
boundary, extend from the value of atmospheric cut-off rigidity 
to some maximum value determined by the procedure of identi- 
fying the particles. If these lower and upper limiting values for 
protons are denoted by R, (p) and Ryp(p), the total intensity of 
observed protons 41, will be defined by the expression 


e ‘nu? (9.5) 
AI,= { Odi,+ [ di, " 
Rg Wy R, 


at 


R, (P) < Re < Rn (p)- 


Similar expressions could be written for total intensities 
of deuterons and tritons with notations Ra(d) and Ryy(d), Ra(t) 
and Ry, (t). 


It can be concluded from these relations that the observed 
ratio of deuterons to protons Tap = Al,/Al, is related to the 
ratio at rigidity higher than the given figidicy. Tap (>R) = 
(I od/Tp p) by the relation. 


Re (me R ~1 -_ sae ya 
=f, (> R) Ps. (ec aie” al) +R, (c i Rin (dviRo) 
Vip=T ap “SHR (Re 3 Dy | SR RR 
B e (Me — eo)» + Re RfRy_ Rn PIR, 
(9.6) 
where ua = B-(1/Ro) 
The obs erved ratios of tritons to protons are related to 


the ratio i (>R) for the rigidity higher than the given one by 
similar seoceneian but R,(d) and R,,(d) are replaced by Ra(t) 
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‘and R,»(t). Obviously, if each of the parameters Rm(p), Rm(d) 
and R(t) is less than R,, equation (9.6) or the similar relation 


for Pep is simplified. 


These values of ice and ftp can be compared with those 
which are obtained in the absence of the geomagnetic threshold: 


—Ryq (By __ Rg (AiRy 


c=: ap(< R) = om MR, Eo,” (9. 7) 
without threshold 


Thus, considering the ratio P determined by the formula 


Paste | Tar 
threshold without threshold 
along with the similar expression for tritons, it is possible to 
get the measure of cut-off rigidity. 


Value of fap (7 R) is related to the ratio (ap C>b dat 


energy per nucleon higher than the given one by the equation: 
: 7 on [Ag Ap ' 
4p (> &) =P yp (> R) exp |— R Z-Z| ' (9.8) 


1/2 
where T = = {é, (a) [ é (d) + 2m oc] } and A, and Za are the 
mass and charge numbers for a deuteron. Similar expression is 
applicable also for [yg(>€)onreplacing &a(d) by E(t) and 
Ag, Zq by AL, 2. respectively. 


In order to apply the above relations to a particular event, 
one of the piles of photoemulsions meant for studying solar 
cosmic rays was exposed over Minneapolis on July 18, 1961. 
This pile drifted in the stratosphere during 1535-1750 UT at an 
altitude with average residual thickness of the atmosphere 
equal to 6 g/cm2. 


Protons and a-particles, generated by a solar flare and 
recorded by photoemulsion, were studied earlier by Freier [10]. 
It followed from these measurements that B=7.3, R.=0.80 Gv 
and R,=0.16 Gv. It may be mentioned that, according to the 
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observation of Freier and Waddington [I, 28], in the rigidity range 
of interest in this experiment, the intensity of solar particles 
was at least by two orders more than the intensities of corres- 
ponding quiet beam of cosmic ray particles whose effect can be 
neglected to a large extent. 


The emulsions were thoroughly studied along the line 1 cm 
below the edge of tracks of particles having zenith angle < 26° 
and azimuthal angle < 4.5°. Such a selection of tracks was 
necessary in order to get the residual region at least about 2 mm 
on the reference line. Asa result, values of 0.45, 0.63 and 
0.97 Gv were obtained for Ra(p), Ra(d) and Ra(t) respectively 
whereas the values of 102, 69 and 54 Mev/nucleon were obtained 
for energies E ,(p), &.(d) and &.() respectively. 


As mentioned above, the selection of tracks also facilitated 
elimination of tracks with grain density less than 20 grains/1004 
although the procedure, in the long run, assumed that only 
tracks with density more than 22 grains/100u should be taken into 
consideration. The values obtained for &(p), €w(d) and &,, (t) 
were equal to 174, 154, and 147 Mev/nucleon respectively, From 
this, we get the value 0.60, 1,12 and 1.65 Gv for R,,(d) and 
RL (t) respectively, 


Each particle was studied by measuring the ionization, i.e., 
the grain density at the scanning line. Its path was traced down 
the emulsion till the particle stopped or up to the point where 
the particle gave rise to nuclear fission, left the pile or got 
reflected in the opposite direction. These latter particles along 
with those which originated during interactions below and above 
the scanning line and those which gave rise to interaction above 
the scanning line were not taken into consideration as they were 
assumed to be secondary particles. Out of the remaining 162 
tracks, 16 were easily identified with tracks of a-particles, and 
the remaining 146 corresponded to particles with Z=1 (130 of 
these stopped in the emulsions). 


_As a result of this processing the values Tap = 3.16xl0-2 
and {)_ =7.1xl 0-3 were obtained. 


From the equation (9.6) and the corresponding expressions 
for the ratio of tritons to protons under the conditions of the given 
experiment, we get 
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~ 


P gp = 2,581 4,(> R) (9.9) 


r,, = 0,252F,,(> R). (9.10) 


and 


The value of parameters ®, and Pt are equal to 5.1 and 4.0 
respectively. It can be seen from this that the experiment 
corresponds to observation of a beam of 700-550 protons. The 
obtained, values of ap! >R) and i p! > R) are equal to 

1. 4210-4 and 2, 8x1l0~ saenectivelen” 


It follows from the equation (9. 8) that apt >€£)= 0.101 
dp (7R) for energies higher than 69 Mev/nucleon and ir (>€)= 
1. P8x10- 2 ne ( >R) for energies > 54 Mev/nucleon sac 
therefore, lan (7¢€ ) and Tep( 7) are equal to 1, 4x107- 4 res- 
pectively. 


All these values should be the upper limits as no correc- 
tions have been introduced for generation of secondary deute- 
rons or tritons in the upper atmospheric layers. The presence 
of secondary particles imposes limitations on the values of the 
ratios obtained by the above-mentioned method since the inten- 
sity of secondary particles cannot be calculated with sufficient 
accuracy. 


Secondary deuterons may be formed during nuclear 
interactions in at least three different ways. Firstly, according 
to Cocconi et al. [56] and Butler and Pearson [57], deuterons 
with energy approximately equal to that of the bombarding pro- 
ton may be formed as a result of semielastic impacts with 
quasideuterons in nuclei. Secondly, the high-energy tail of the 
process of nuclear evaporation gives rise to deuterons with 
energy slightly less than that of the bombarding proton. Thirdly, 
deuterons will be produced during nuclear collisions of a-parti- 
cles mainly in the form of fragments of the bombarding a-parti- 
cles. 


The relative role of these effects depends upon such 
parameters as rate of fragmentation and rate of generation 
which at present are not known correctly. Eventhen, making 
use of the best available values and assuming that the generation 
is totally caused by solar cosmic rays, i.e., neglecting the 
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role of galactic particles, it can be expected that the value of 
Tap (>R) for secondary deuterons is of the order of 1.5x10-2, 
Thus, the results of this experiment testify to the absence of 
deuterons in solar cosmic rays because of which the above- 
obtained value for Jg,(>€) = 1.4x10-3 is the upper limit. 


In the case of tritons, calculation of the expected role of 
secondary particles is still more uncertain since, as a mafter 
of fact, nothing is known about the values of the required para- 
meters, Even then, it is clear that one particle can always be 
of secondary origin. Therefore, the above obtained value of 
Typ( 7 €) should be considered to be the most probable value only 
as the upper limit. 


At present, only three experiments dealing with measure- 
ment of the composition of solar cosmic rays are known. 


The first one was particularly devoted to the study of the 
problem of probable absence of Be and B nuclei (nuclei of L 
group) in solar cosmic rays. According to photoemulsion 
measurements conducted by Biswas and Fichtel [36] on geo- 
physical rockets during November 12 and 15, 1960 flares, not 
less than 100 heavier nuclei with 64743 Mev/nucleon were 
observed for every L-nucleus. This result allows us to assure 
that heavier nuclei passed through the substance (hydrogen) 
layer > 0.15 g/cm2 (1023 atom/cm2) from the time when their 
energy increased to a few Mev/nucleon till their measurement. 
Independent estimates of Biswas [1.57] from the same data 
showed that the mean, free path cannot be more than 0.1-0.2 
g/cm, 


The second experiment consisted of the observations of 
Fireman et al. [30], Tilles et al. [31] and Flamm et al. [58] 
who, with the help of radiochemical methods, detected notice- 
able amount of tritium in the casing of the satellite 'Discoverer- 
17" after its irradiation by particles generated during November 
12, 1960 flare. 


It was shown by the authors [30, 31] that the observed 
amount of tritium was considerably more than that expected due 
to local nuclear fissions in the material of the satellite casing. 
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This conclusion was doubted upon.by, for example, Lal et al. 

{I. 29]. Possibly, the value Tep( > & ) = 4x1073 obtained in . 
[30, 31] is the upper limit of the actual value at energies > 30 
Mev/nucleon. This assumption is confirmed by the fact that the 
value [,,(>€) = 5xl0-4, obtained by Waddington and Freier 

[I. 28], does not agree with the above-mentioned value [30, 31] 
even on taking the difference of energy ranges into account. 


It is seen from equation (9.8) that, if Rg is taken to be 
the same for two, flares (which assumption, as known earlier, 
has no basis), it is possible to get Fip( 7 €= 30 Mev/nucleon) = 
4x10-3 or Tepl »R) ® 8x10-4 in place of the observed value 
Mep( > R) < 2.8x10-2. Nevertheless, if three tritons had been 
recorded :in place of one and if all the three tritons had been 
the primary ones, then there would not have been any contra~ 
tion that though the comparison given here is absolutely for 
different flares, as is well known, there is a considerable dif- 
ference in the composition of solar’: cosmic rays for different 
flares. For example, the observed values of [g,( >R) in 
different cases change at least from 1.0 to 0.03. Hence, it is 
natural to think that such changes are observed for Pepl >R) as 
well. During November 12, 1960 flare, the ratio [,,(>R), 
according to the measurements made by Biswas and F ichtel 
[36] and Ney and Stein [I.82], was approximately equal to 1.0 
while in July 1961 Freier [10] obtained a value of about'0. 17. 


As already known, deuteron does not differ from a-parti- 
cles in rigidity. Therefore, it can be expected that the tendency 
to change the ratio should be observed for Vap(>R) and possibly 
for [,,( >R) as well since tritons are subjected to the effect of 
magnetic field to a lesser extent than a-particles. This effect 
could satisfactorily explain the divergence between the results 
of Waddington and Freier [I. 28] and measurements on the 
satellite "Discoverer~-17" [30, 31, 58]. 


Measurements made by Schaeffer and Zahringer [I. 56] 
represent the third and the last experiment described here. The 
authors [I.56] detected a large relative amount of He? nuclei in 
the material of the same satellite ''Discoverer-17". The inter- 
pretation of the obtained data is not unique owing to the diffi- 
culties in introducing the necessary corrections for the genera- 
tion of secondary particles, The authors [I.56] confirm that the 
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ratio He3/He4 = Ne3 24 (>&)~ 0.2 and that this value is 
probably correct with an accuracy up to a multiple of 3. Biswas 
[1.57], however, puts forward arguments facilitating the assump- 
tion that the actual value of this ratio is most probably less than 
10-2, The reason is that Schaeffer and Zahringer measured the 
concentration of He? at large depths in the substance. If most 

of the recorded particles are primary, the concentration of He? 
obtained in [1.56] is certainly high since the effect of the sharp 
energy spectrum must predominate over the effects of the change 
in geomagnetic cut-off during satellite displacement, i.e., the 
flux of He? should rapidly decrease with depth. Moreover, the 
number of He? nuclei in this experiment corresponds to the flux 
which according to Biswas et al. [28], apparently is 10 times 

the flux of helium nuclei in the energy range of 40-105 Mev/ 
nucleon, namely 4x10? cm=2,sec-1, Most probably, because of 
these differences, at present, there is no point in assigning a 
particular value to He?/He? ratio. 


Stable quantities of tritium and He? nuclei in the solar 
atmosphere are not known but they must be significantly less than 
those obtained in the above-mentioned experiments. Conse- 
quently, in order to explain the presence of considerable amount 
of these particles, it is necessary t® find out certain mechanisms 
of their generation. At the first glance, the most reasonable 
explanation results in the assumption that these nuclei are 
fragments of high-energy a-patticles and heavier nuclei gene- 
rated in‘nuclear, interactions during their transmission through 
the solar atmosphere and the interplanetary medium. The 
effect of heavy nuclei can’ essentially be negelected since their 
abundance with respect to a-particles is only about 2%. Thus, 
the fragmentation of 4-particles in the medium,- mainly con- 
sisting of hydrogen, is a possible process of generation of He?>. 


The amount of substance which a-particles must pass 
through in order to give lip(>e ) ~ 4x10-3 was estimated by 
Biswas [1.57]. These estimates give the lower limit~1.3 g/cm“ 
(8x1023 atom/cm2), which, with great probability, can be in- 
creased by 5 times. Similar estimates of Fireman et al. [30] 
give a value of about 10 g/cm2. These values apparently do not 
agree with the results obtained on L-nuclei. Moreover, the 
expected value of Tap(>®) must be of the order of 8x10-2 in 
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place of the actually observed value <1.4xl 0-3. The difference 
is too large to be explained by the mechanism which leads to a 
change in Ig,(>R) by 6 times for the two flares under reference. 
Nevertheless, if the mean free path is less than 0.15 g/cm@ as 

it follows from the absence of L-nuclei, Tap > 6) must be 6x1073 
It contradicts the observed limits if one considers the difference 
in flares. It is clear from this that it is not possible to explain 
the above-obtained ratios only by fragmentation process. 


To this end, Fireman et al.[30] put forward the assump- 
tion that the observed nuclei of H? and He3 originate as a result 
of thermonuclear reactions in the solar atmosphere near the 
region of the flare. On the basis of the measurements on the 
relative amount of isotopes of H? and He3 in the casing of the 
satellite 'Discoverer-17"', Flamm et al. [58] showed that the 
amount of H3 and He? is by two orders higher than the value 
which can be explained by fission of the casing material. From 
this as well as from the data on fluxes of protons and a-particles 
during November 12, 1960 flare event, it follows that H3 and He? 
could have been formed in the chromospheric flare as a result of 
the reactions He4(p, 2p)H3, He4(p, pnJHe3 and He4(p,d)H3. 


The reactions as suggested above would also lead to the 
presence of deuterons whose amount is comparable or more than 
the content of tritium although cross section of the corresponding 
processes is not known. Deuteron can be generated in the reac- 
tions H1(a,d) He? with cross section ¢ ~ 25 millibarn at an 
energy of 30 Mev and is destroyed by the secondary reaction 
Hl(a, pn)H1 with cross sectione’#250 millibrarn. Tritium can 
be formed ir the reaction H!(a,tp)H! ate x10 millibarn and is 
destroyed in the reaction H!(t,n)He3 at ~ ~250 millibarn. 


As a result of these reactions, it would be possible to get 
Fap( > & = 30 Mev/nucleon) = 10-2 at Tepl > & = 30 Mev/nucleon) 

= 4x10°3, Cons equently, lap( &= 69 Mev/nucleons) must be of 
the order of 5x10°>. If the observed differences in Tap( > R) for 
the two flares under reference are taken into consideration, these 
values, though more than the observed limit of Fast >7>&) ~ 
~1.4x10-3, are not large. 


The nature of the above-mentioned nuclear reactions is 
not fully clear. It is however.known that these reactions are 
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extremely endothermic and have thresholds of about 20 Mev. 
From this, it becomes necessary that, if the reactions are of 
thermonuclear nature, the local temperature should be more 
than 1011 oK, Obviously, such reactions are possible in the 
region of the flare where the initial density is sufficient to stop 
the acceleration of a-particles and heavier nuclei due to ioniza- 
tion losses which are more than the increase in energy, and 
where protons can get accelerated and give rise to nuclear fis- 
sions, If, subsequently, the density in this region decreases, 
additional acceleration of all the heavier nuclei becomes possible 
and thus, it is possible to explain the observed results. 


After a thorough analysis, Waddington and Freier [I. 28] 
arrived at the following conclusions: 


‘1, Relative abundances of H!, H2, H3 and He at a rigidity 
higher than the given one, observed near the Earth during the 
July 18, 1961 flare, are defined by the following values: 
1:1.4x10°2:2.8x10-2: 0.17 and 1:2x1073:6x1074: 2, 4x10-2 at 
750 Mev/nucleon respectively (only the upper limits of the ratios 
are given), 


2. The observed upper limit for Tap( 7 E€) is too low to 
associate it with the abundance of tritium and He? nuclei, which 
are observed in other experiments if these nuclei originated in 
the fragmentation process. This conclusion is in agreement 
with the one based On the observations on mass spectrum for 
low~charge nuclei. 


3, The upper limit of the value of lep( >€) for July 18, 
1961 flare does not agree with the estimates of other authors for 
November 12, 1960 flare even though one takes into account the 
difference in the energy thresholds and characteristics of the 
flares, 


4, The value Tapl >) <1.4x10-3 is in agreement with 
the assumption made by Fireman et al. [30] about the thermo- 
nuclear processes in the acceleration region of the flare on 
taking into consideration the obvious difference in the above- 
mentioned flares, Nevertheless, the physical processes, re- 
lated to generation of particles, are not-still very clear. 
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It should be pointed out that there would have been no 
necessity to consider the above-explained nuclear reaction 
had the actual ratios been noticeable less than the upper limits 
obtained here. 


In order to understand the complicated processes in solar 
flares, it is necessary to correct the values of [gp and (tp by 
recording solar cosmic rays over the atmosphere (to reduce the 
rate of recording particles) with the help of detectors having 
high permissible masses and by taking into consideration the 
geomagnetic cut-off rigidity. In this experiment, the effective 
cut-off threshold and form of the spectrum can and must be 
measured by one and the same detector or in any case, at the 
same time. The other ratios of the type Tap and Thm should 
also be measured for the same events. 


9.4 Increase in the intensity of heavy nuclei, It was 


shown in the previous Section that the relative charge composi- 
tion of solar particles, in general, reflects the abundance of 
corresponding elements on the Sun. This fact indicates that the 
mechanism of acceleration of heavy nuclei, put forward by A.A. 
Koschak and S.I, Syrovatskii [59], is not effective on the Sun. 
On the other hand, the group of research workers under the 
guidance of L. V. Kurnosova [I. 20; 60] observed for the first 
time a short-lived increase in the intensity of mainly heavy 
nuclei (Z >15) during the flights of Soviet cosmic rockets and 
satellites (1959-60). The flux of protons in these cases practi- 
cally did not change. Similar events were also recorded on the 
satellite ''Elektron-2", some of which,according to L.V. Kurso- 
nova et al. [61], were accompanied by flares of solar X-ray 
radiation. 


Observations on satellites "Elektron-2" and "Elektron-4"' 
also helped to detect the increase in the flux of nuclei with 
Z > 15 of duration ranging from a few hours to a few days. One 
of such events is described by A.A. Suslov and 1. P. Tindo [62] 
(also see the work of L. V. Kurnosova et al. [63]). 


The authors [I,20, 60-63] made the assumption that the 
observed effects are related to the appearances of solar activity, 
namely, to chromospheric flares, 
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It is interesting to mention that the nuclei of H group 
(Z 210) carry about 3% of the total flux of nucleons in galactic 
cosmic rays. Therefore, an increase in the intensity of such 
nuclei by one order will correspond to a significant increase in 
the total flux of nucleons. If the energy of additional flux of 
nuclei is sufficiently large, an attermpt can be made to find out 
simultaneous effects in ground measurements, Such an attempt 
was made by B.M. Vladimirskii [64] who analyzed the data of 
world network of stations on nucleon composition of cosmic 
rays (two-hour values, corrected for barometric effect were 
used) for the cases of increase in the flux of H-nuclei during 
1959-60 (Table 9.6). 


The first four flares on September 12-13, 1959 were 
selected for study. The events 5 and 6 occurred at a time when, 
after the commencement of magnetic storm the intensity of 
cosmic rays changes and this makes it very difficult to observe 
small effects. The analysis showed that, in the case of flares 
1 and 2, a significant increase in the intensity which is much 
more than the statistical error of + 0.2% is observed in the 
shock zones. An increase is observed in flare 3 as well but 
with a less degree of certainty. The effect of flare 4 on the 
Earth's surface is absent which is fully understandable when we 
consider the small amplitude of the corresponding increase in 
the intensity of heavy nuclei. 


Owing to the absence of data, it was not possible to ex- 
plain the presence of similar effects in the-meson component 
(there were only two stations within the limits of the shock 
zone for the event 2 — Ottawa and Huancayo). 


Due to small increases, it was practically impossible to 
evaluate the energy spectra of the nuclei. However, since the 
effect was observed at the station with vertical cut-off rigidity 
of 12 Gv, the spectrum should obviously be extended much above 
5 Gev/nucleon. On the other hand, no effects were observed in 
the solar ionosphere on September 12, 1959 from which it 
follows [64] that the intensity of nuclei Z 2 15 during the flare in 
the energy range 35-40 Mev/nucleon was apparently not more 
than ~ 3x103 cm-2 sec-2 sterad-!, It should be noted that the 
measurements [I. 20; 60] were taken at &¢ > 500-600 Mev/ 
nucleon and that the flare corresponded to an intensity of about 
5x10-4 cm-2 sec-l, sterad-!, 
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The small increases in the intensity of nucleon component 
observed by Vladimirskii et al. [64] are very much similar to 
the small effects of chromospheric flares detected by Freier 
[1.7] and thoroughly studied in subsequent years (see Chapter II). 
Therefore, it is necessary to explain if the observed increases 
are related to chromospheric flares. Since the analysis [64] 
was done on the basis of two-hour data on intensity, the effects 
observed on ground might not be related to nuclear flares. On 
the other hand, comparison with flares, made by L.V. Kurna- 
sova et al, [I. 20], is not very satisfactory since the authors 
{l. 20] considered the time taken by particles to cover the dis - 
tance between the Sun and the Earth to be approximately equal 
to zero and tried to compare the obtained. data with radio out- 
bursts in the meter band during the development stage of noise 
storms. As applied to the given case, it is important to men- 
tion that (1) the increases in the intensity of cosmic rays due to 
chromospheric flares, recorded at the sea level, in stratosphere 
and outside the magnetosphere always lag behind the time of 
commencement of chromospheric flares by 10-60 minutes and 
the delay does not depend on the size of the effect; (2) indepen- 
dent of magnitude of the flare, the effect in cosmic rays is 
observed only in the case when there is an ionospheric effect 
(i.e. when the flare emits*X-ray radiation A ¢ 8A), This 
latter phenomenon is, as a rule, accompanied by radio out- 
burst in the centimeter range. 


Considering these facts, a whole complex of solar and 
geophysical data for each of the cases mentioned in Table 9, 6 
was studied in [64]. A thorough analysis showed that out of all 
the effects given in Table 9.6, only the August 20, 1960 flare 
event can be, with a significant degree of certainty, related to 
the chromospheric flare. Moreover, it is the only event when 
an increase in the intensity of protons was observed, Out of 
the remaining five events, noticeable H,-activity was not 
observed at all in two cases, in the other two cases, subflares 
were observed and in one case there was a flare of class 1. 
Ionospheric effects were observed in none of these cases, 


Thus small increases were observed by Vladimirskii et al. 
[64] at sea level with the maximum amplitude for only two 
nuclear flares and these increases are undoubtedly related to 
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nuclear flares, since there were no solar flares during this 
period. The effects were observed only in the shock zone and 
consequently, the Sun is the source of accelerated nuclei. In- 
creases in the flux of heavy nuclei differ from the usual effects 
of cosmic ray flares due to abnormal nuclear composition and 
absence of ldw-energy particles. The increase recorded on 
August 20, 1960 is most probably the effect of the flare. All the 
remaining cases have very poor relation with flares. It can be 
assumed that they are principally new effects related to some 
other phenomena of solar activity (quick processes), There is 
a mention of such effects in literature (see the work of Koshiba 
and. Schein [65]). For example, Ney and Thon [66] and Yngve 
[67] sporadically observed the daily effect of heavy nuclei. A 
careful and special study of the data of ground measurements 
will also possibly reveal such effects. Attention should be paid, 
for example, to the musual effect observed by Gillet al. [68] on 
June 19, 1958 — an intensive increase in meson component near 
the equator at a hill station Gulmarg. In order to relate these 
effects to solar activity, a detailed comparison with radio data 
by using the spectral characteristics of radiation along with the 
study of the data of optical observations have to be undertaken. 


Short-lived increases in the flux of nuclei with Z'> 15 at 
2200 UT on January 31, 1964 and at 0215 UT- on February 14, 
1964 of duration of about 16 minutes are mentioned in the work 
of L. V. Kurnosova et al. [61]. Both the effects were observed 
when the satellite 'Elektron-2" was at a distance more than 
6, 6x104 km from the Earth. The ground observatories did not 
record any active processes on the Sun during this period but 
the X-ray detectors aboard the satellite 'Elektron-2" recorded 
two X-ray flares in the range of 2-10 A which lasted for about 
60 and 30 minutes respectively (Fig. 9.5).. On January 31, 
1964, an increase in the flux of nuclei was recorded 2 minutes 
before the X-ray flare while the opposite picture was observed 
on February 14, 1964. As the memory in the satellites takes 
record once in every two minutes, the corresponding times are 
known with an accuracy of 2 minutes. Therefore, it can be con- 
sidered that the increase in the flux of nuclei and the flares of 
Xray radiation were recorded practically simultaneously. 


‘Owing to the small dimensions of the Cerenkov detector, 
the number of nuclei with Z 215 at:the time of the increase in 
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Fig.9.5. Increase in the flux of nuclei with Z 2 15 and flares of X-ray 
radiation of the Sun in the range A = 2-10 (61). 
a). January 31, 1964; b) February 14, 1964. 
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their flux was not large. Hence it is necessary to estimate the 
probability of an arbitrary increase in the counting rate of the 
detector due to statistical fluctuation whose value is comparable 
to the observed increase. In both the cases under reference. 

the increase is characterized by transmission of 8 nuclei during 
t <16 min at an average counting rate of 0.14 nuclei/min. 
According to the estimates [61], the probability of recording of 
more thanor equal to 7 nuclei is of the order of 8.2x10 ™. Thus, 
there is a basis to consider that some of the observed events 
were not caused by statistical fluctuations. 


It is also possible to estimate the probability of arbitrary 
coincidence of the short-lived increase in the flux of nuclei and 
the flare of X-ray radiation. 


X-ray flares which increased the counting rate by 100 
pulse/sec were recorded, on an average, once in every 20 hours 
during the period under reference. If the total duration of the 
increase in the flux of nuclei (~ 16 min) and duration of the time 
of growth of the X-ray flare ( <2 min) is taken as the permis - 
sible time, the number of arbitrary coincidences will be 0.1 
during 16 days. The probability of recording the two coinci- 
dences at such an average riumber is equal to 4.7xl 0-3 


This estimate along with the conclusion about the non- 
statistical nature of the short-lived increase in the flux of nuclei 
makes it possible to consider the assumption [61] about the 
relation between the increase in the flux of nuclei and outbursts 
of X-ray radiation of the Sun to be true. 


Increase in the flux of nuclei on February 23, 1964, re- 
corded on the satellite ''Elektron-2"', is reported in the work of 
A.A. Suslov and I, P. Tindo [62]. The flux of nuclei with Z 715 
increased by 42 +14% as. compared to the value on February 20, 
1964 whereas the increase in the flux of nuclei with Z 22 and 
Z 2 5 did not go beyond the measurement errors. ‘According. to 
S.N. Vernov et al. [69], no significant effect was observed in 
the proton component of cosmic rays. 


The period under reference is characterized by a high 
degree of solar activity. Most of the heliophysical phenomena 
during this period are related to the radio-emitting region 
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which is denoted by R-7161 in the catalogue [70]. Spots in this 
region appeared on February 21 and developing rapidly they, by 
February 24, occupied more than 500 millionths part of the area 
of the solar hemisphere. In this region most of the chromes: 
pheric flares as well as the ejection of matter (on February 23, 
1960) were observed during the period February 21-Zé, | $64, 
Thus, one can assume that the increase recorded on February 
23, 1954 is related to the generation of heavy zsc)-:) 2a the Sun, 
‘The significant increase in the flux of K- ray and radicemission 
of she Sux on February 23, recorded by I, P. Tizeze [71] and aiso 
menticn::d by Neupert [72} draws particular attention. Moreover, 
a tumber of X-ray flares were recorded on February 23-24 

py the equipment on board the satellite "Elektron-2" [71] and 
also according to Kreplin [73], by the American satellite "SR-JV" 
Therefore, a thorough" structure of the February 23, 1964 
effect is considered in [62]. The effect consisted of eight inde- 
pendent increases in the flux of nuclei with Z > 15 with an 
amplitude going beyond the limits of one or a few measuremeut 
errors. it is shown that the probability of recording all the 
eight increases (statistical fluctuations) during the whole of the 
ORReE vation time amounting to 2640 minutes, is of the order of 
5xl07¢, 


Thus, it can be assumed that at least some of the observed 
increases are nonstatistical in nature. This assumption is 
strengthened by the fact that some of the increases in the flux 
of nuclei coincided with outburst of X-ray radiation, However, 
since a number of X-ray outbursts were recorded during the 
period under reference, it is important to estimate the probabi- 
lity of arbitrary coincidences of the increases in the flux of 
nuclei with Z 215 with X-ray outbursts. This probability was 
found to be low (<1.5x10-5) and thus, the assumption about the 
arbitrary coincidence of all the increases in the flux of nuclei 
and X-ray outbursts can practically be negiected. 


Lastly, it may be mentioned that the most appropriate 
case of the increase in the flux of nuclei with Z 215 coincided 
with class 1 chromospheric flare which began at 0645 UT on 
February 23, 1964 (the flux of nuclei started increasing at 
07. 00+ minutes), The error in the determination of the begin- 
ning of the increase (+ 4 min) is related to the operation of 
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telemetr ic system sifice at the given branch, inquiry period of 
the accumulated information was of the order of 8 min, The 
probability of arbitrary coincidence of the two phenomena in the 
given case is less than 10-5, 


The above-mentioned estimates facilitate interpretation of 
the events, recorded on February 23-24, 1964. The events 
recorded are the increases in the flux of nuclei with Z 315 (or 
at least a part of them). The nuclei are generated on the Sun 
during a flare event with only heavy nuclei escaping beyond the 
limits of the solar atmosphere and also as a result of retarded 
radiation of electrons similar to that shown in the work of L.V. 
Kurnosova et al. [16] for the cases of short-lived increases, 


Important results on the measurement of nuclei with 
Z32, 225, 2715 ("Elektron-2") and Z 720 ("Elektron-4"') 
during January 30, 1964 — February 9, 1965 are summarized 
in the work of Ya. L. Blokh et al. [74]. In addition to modula- 
tion phenomena, cases of the increases in the flux of heavy 
nuclei were observed during this period. Almost a sudden 
increase on August 20, 1964 in the channel with Z3 20 (Fig. 9.6) 
was the most significant observation. During the subsequent 
10 days, the intensity decreased gradually and remained higher 
than the average value for the period July-first half of August. 


Significantly a low increase (3.5+1% during 10 days as 
compared to 54+ 10% for Z >20 nuclei) was observed in Z 3 5 
channel; at the same time, even some decrease in the flux of 
nuclei was observed in Z 2 2 channel.- If the role of Z > 20 
nuclei is eliminated from the counting rate in Z % 5 channel, we 
obtain some increase in Z % 5 channel which goes beyond the 
limits of statistical measurement errors. According to the 
measurements of S.N. Vernov et al. [69] on the same satellites, 
an increase of the order of 1%-was observed in the proton com- 
ponent. Data obtained during August 20-30, 1964 from the 
ground network of stations, also showed some increase which is 
difficult to explain by modulation effects: In its energy and time 
characteristics, it considerably differs from the increases in 
the flux of nuclei and protons observed during solar flares near 
the maximum of solar activity [I. 24]. 
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Fig.9.6 Data of 'Elektron-2"'and 'Elektron<-4" [74] on the measurement 
of flux of nuclei in July-September, 1964. , 
a) 222; b)- 235; c) Z > 20 (thin lines), Thick lines - aver- 
age values of the counting rate during 10 days. Statistical errors 
are shown on the left. 


During the August 20, 1964 event, mainly the flux of ex- 
tremely heavy nuclei increased while in the events described in 
[1.24], protons contributed maximum to the additional flux of 
cosmic rays. Another difference lies in the extremely slow 
decrease in the flux of heavy nuclei with the passage of time. 

In spite of these differences, there are some indications to assume 
that the August 20, 1964 effect was caused by the processes on 

the Sun with predominant acceleration of heavy nuclei while the 
generation of nuclei in this case was obviously related to some 
comparatively sudden heliophysical phenomenon observed on 
August 19, 1964. The month of July 1964 was characterized by 
the minimum solar activity. A few class 1 flares were observed 
in August (including the one on August 19). In contrast to other 
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days, a sufficiently powerful outburst of radioemission of type 

II on frequencies of 23-111 MHz was recorded on August 19. 
This rare phenomenon was the only case during the period 
April-November 1964. Moreover, the ejection of matter was 
observed for a few hours on August 19 from the same region of 
the Sun where the flare had taken place. Such ejections on the 
Sun were not observed from the beginning of the flight of satellite 
"Elektron-4" till August 19, 1964. 


Increases by 14+1% in Z B 2 channel, 7+3% inZ 75 
channel and 32+ 23% in Z > 20 channel were observed from 
September 28 to November 1, 1964. This event also cannot be 
characterized as modulation phenomenon since, according to 
[63, 64], there was no noticeable increase in the flux of protons 
with €, > 50 Mev during this period. During November 18-19, 
1964, the increase in the flux of heavy nuclei was 10+1% 

(Z &2), 10+3% (2 %5) and 80+ 25% (Z #20), From 2140 UT 
on November 3, to 0115 UT on November 4, 1964, an outburst 
of very heavy nuclei was observed, The probability that this 
increase was caused by statistical fluctuations is < 10-6, 


It should be noted that the above-mentioned events have 
some characteristics common with the short-lived increases in 
the nuclear component of cosmic rays observed during 1959-60 
(predominant acceleration of heavy nuclei, correlation with 
solar phenomenon particularly with radio outbursts}. 


Thus, the analysis of increases in the intensity of heavy 
nuclei facilitates the assumption that, in most of the cases, 
these effects may be caused not by chromospheric flares but by 
some other, more rare and unusual processes On the Sun. 


B.M. Kuzhevskii et al. [75] made a comparison of the 
data on the cases of predominant acceleration of heavy nuclei on 
the Sun, obseryed by L.V. Kurnosova et al. [63] during the 
flight of the satellite "Elektron-4", with the results of obser~ 
vations taken by the satellite "Kosmos~25" during the same 
period on the ionizing capacity of particles. The ionization 
chamber, filled with argon at a pressure of 8 atmospheres, with 
a geometrical factor of 1500 cm4,sterad was used on the satel- 
lite "Kosmos-~25", The ionization, remaining in the chamber 
after the passage of a specific number of particles through it, 
was measured This method facilitated the measurement of 
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integral ionization of primary beam per particle independent of 
the value of the flux of particles. Integral ionization, measured 


in this way, depends only on the charge composition and energy 
characteristics of radiation. : 


From an analysis of the data of the satellite '"Kosmos-25", 


it became apparent that the ionization recorded by the chamber 
increases at certain times. 


In order to compare the chamber 
data with the measurement results of Cerenkov counter [63], 


the expected increase in ionization per particle was calculated 


Fig. 9.7. Comparison of the data of Cerenkov counter [63] with the data of 
ionization chamber [75] (circles) for the cases of the increase in 
the intensity; 


a - August 18-20, 1964; b - October 27-29, 1964; c - November 
18-19, 1964. Hatched region shows the expected value of the 

integral ionization by considering the measurement errors, cal- 
culated from the data of Cerenkov counter [63}. 
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on the basis of the data given in [63] (the flux of galactic cosmic 
rays was taken to be constant), The obtained values of the 
expected change in the integral ionization are shown in Fig.9.7 
in the form ot natcned bands whose width is determined by the 
measurement errors of Cerenkov counter [63]. Circles show 
the data obtained by ionization chamber on the satellite ''Kosmos- 
25"' for those periods for which data on particles with R > 4 Gv 
were available. A good agreement between results of measure- 
ments by different detectors is seen from Fig. 9.7 and there 

is additional proof of the real predominance of increases in the 
flux of heavy nuclei recorded in [63]. 


Before this Section ends, mention:should be made of the 
work of Sakurai [76] in which he compares the relative abun- 
dance of solar protons and solar a-particles at constant rigidity 
(dI/dR)p/(dI/dR), during flares. It is shown that this ratio is 
5-50 if the flare is observed before the sudden commencement 
of a geomagnetic storm and is of the order of | if the flare is 
observed after the sudden commencement. It follows from the 
measurements of medium and heavy nuclei of solar cosmic 
rays that their rigidity spectra are similar to the rigidity 
spectrum of a-particles and the ratio of the number of a-parti- 
cles to that of these nuclei is almost constant for different 
cases. Moreover, the abundance of medium and heavy nuclei in 
solar cosmic rays is the same.as antne oun. A comparison of _ 
these data with the characteristics of solar radio-outbursts of 
type IV facilitates:the tonclusion that, at the initial stage of 
acceleration of solar cosmic rays, the rate of acceleration of 
protons is considerably more than that of heavier nuclei. 
Obviously, during the initial phase of acceleration, Fermi 
mechanism is more effective than the betatron mechanism and 
plasma particles are mainly accelerated by thermal energies, 


10. TIME VARIATIONS OF SOLAR PARTICLES 


10.1 General characteristic of time variation. Peculia- 
rities of time variation of cosmic rays are of great interest for 
selecting the model of their propagation 1n the interplanetary 
space, for studying time variations of their spectrum and for 
studying the structure of the interplanetary magnetic field. 
Experimental data on time variations of the flux and spectrum of 
solar particles are described in this section on the basis of the 
observations of different authors for different cases. 
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As shown in Chapter IV, the rate of change of the intensity 
of solar particles of a given energy at the Earth's orbit depends 
on the duration of their emission from the region of chromos- 
pheric flare, on the structure and intensity of the interplanetary 
field between the Sun and the Earth, and on the distances from 
the Sun which are of the order of a few tens of astronomical 
units. The study of the properties of isolated regions of inter- 
planetary space, in its own turn, is important for working out a 
solution to the problem of modulation of galactic cosmic rays. 


High-energy solar particles, emitted during chromos- 
pheric flares, in some cases, propagate to the Earth along the 
Sun-Earth direction or slightly westward. It facilitates the 
assumption that particles propagate along spiral magnetic field 
whose model for the first time was suggested by Parker [I. 61]. 


In most of the cases, particles arrive not immediately 
after the flare but start appearing only after some tens of 
minutes. In this case, their intensity on the Earth's orbit is 
almost isotropic and the intensity attains the maximum value 
only after a few hours. In most of the cases, intensity de- 
creases with the characteristic time of the order of a few hours 
for relativistic particles and slightly higher for particles of 
lesser energy. Presence of. considerable isotropic flux of 
particles near the Earth during a long interval of time after the 
disappearance of the corresponding solar flare is usually inter- 
preted as the result of accumulation of particles in the solar 
system, Obviously, free exit of solar particles from the solar 
system is difficult due to the presence of magnetic fields beyond 
the Earth's orbit, 


Delay of most of the solar particles compels us to assume 
that the particles temporarily accumulate in magnetic fields on 
the Sun or near the solar surface. Afterwards, the particles, 
by drifting or diffusion (or under the simultaneous action of both 
these mechanisms), leave the region of accumulation and propa- 
gate to the Earth. Moreover, their intensitv in this case in- 
creases very slowly. 


The assumption that fhe particles accumulate in the 
interplanetary space and not near the Sun is based on a simpler 
model of accumulation mechanism satisfying the condition of 
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approximate isotropy of the flux of solar particles near the Earth 
This model should be preferred since it requires a lesser amount 
of particles to be generated on the Sun for explaining the flux 
observed on the Sun as compared to the model of solar mechani- 
sm of accumulation. This model is simpler because it does not 
assume the presence of any magnetic fields excepting the ones 
expected from Parker's theory [I. 61] and measured several 
times directly in the interplanetary space (see Section 13,2), 
Moreover, it combines the problem of the delay of arrival of 
particles and the problem of slow decrease in their intensity into 
one common diffusion problem, 


The decrease in the concentration of high-energy solar 
particles on the Earth after attaining the maximum value can be 
described by the power law t~§ where g is usually within the 
limits of 1,0-2.5 or by the exponential law exp (-t/T,). The 
quicker decrease, i.e., decrease according to the exponential 
law or the power law with s 2,0, is characteristic of particles 
with higher energy (more than 109 ev/nucleon) and for periods 
much longer after the beginning of the increase. The decrease 
in the intensity of particles with lesser energy (107-108 ev/ 
nucleon) is sometimes very slow. There is nothing surprising 
inthis. It is considered that, in the case of the full spectrum of 
field irregularities, the diffusion coefficient 2¢ depends-on the 
energy of the particles as well as on the distance from the Sun 
(see Chapter IV), 


In most of the works, the change in the concentration of 
particles with the passage of time is studied only for one specific 
energy or a limited interval of energies and therefore, any 
conclusions about the value and distribution of #% in the space 
will be applicable only within a limited range of energies. 


10.2 Results of the analysis of different cases, Data on 


flares of solar cosmic rays, recorded up to the end of 1961, 
were systematically described in L,I], Dorman's books [I. 1; I. 2]. 
Therefore, in this Section, attention will be paid only to the 
most important characteristic features of time variation and 
energy spectrum of solar particles, 


Based on the data of neutron monitors, satellites and 
riometers, Bennet [77] studied the morphology of the increases 
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in the intensity of cosmic rays caused by solar flares, Data on 
eight events were compared with the power law of decrease in 
the intensity ~t-§, In the case of five flare increases, the 
index on the Earth's surface s = 2,08 whereas for all the eight 
cases, on an average, s = 1.97. Hence, it is concluded that 

the power law with s = 2.0 reflects well the observed rate of 
decrease of the concentration of medium- and high-energy 
particles. The analysis of the dependence of delay of particles 
on the heliolatitude of flares, according to Bennet [77], confirms 
the well-known results of the existence of the east-west asym- 
metry. The time lag considerably decreases (and most probably, 
with a leap) when the region of flare intersects the central 
meridian, 


Many interesting results were obtained by Winckler and 
Bhavsar [78] for the September 3, 1960 flare event on the basis 
of stratospheric measurements, It was the only case during 
the previous solar cycle when a class 3 flare on the eastern limb 
of the Sun (helio-coordinates 17°N, 90°F, beginning at 0040 UT 
on September 3) gave rise to the increase at the sea level as well 
as in the stratosphere, 


The intensity of solar particles in the stratosphere 
started increasing 83 minutes after the outburst of microwave 
radio emission, The increase during the first 5 hours can be 
described on the basis of diffusion coefficient with transport 
range &~ 3x10 cm, The intensity decreased according to an 
exponential during about 140 hours after the chromospheric. 
flare with time constant Tg = 23 hrs. This result is in confor- 
mity with the existence of magnetic barrier at a distance of 
about 22 astronomical units from the Sun through which the 
particles go beyond the limits of the solar system. 


While studying the same flare, A, N, Charakhch'yan et al, 
[IV. 63] considered the beginning time 20 hours after the chromo- 
spheric flare, In this case, the decrease in the intensity can be 
described by the diffusion law ~ ey at % = 5,5x104! 
cm¢*/sec. Winckler and Bhavsar [78] considered the transition 
of particles 83 minutes after the optical maximum of the flare, 
and found that the increase in solar particles is in agreement 
with the diffusion equation if the injection takes place at the time 
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of the flare. Conclusions of A,N. Charakhch!yan et al, [IV. 63] 

were based on insufficiently reliable data on the earlier stage of 
the increase and on the assumption of the power law of attenua - 

tion, The data [78] show that the exponential nature of attenua- 

tion is a better approximation. 


Roederer at al. [22] studied the sequence of heliophysical 
and geophysical phenomena leading to unusual variations in the 
intensity of cosmic rays during the period November 10-15, 
1960. The distribution of intensity_on the Earth's surface during 
the November 12 cosmic ray flare does not agree with the theory 
of shock zones which is explained by the action of a magnetic 
cloud existing near the Earth at that time and causing Forbush 
effect at 1930 UT on November 12, 1960, This cloud consisted 
of a strong magnetic field whose lines of force formed the 
“magnetic trap", Such a field was found to be capable of trapp- 
ing a large part of high-energy particles originating during 
clase 3+ chromospheric flare 6 hours before the beginning of the 
Forbush effect. This model allows us to explain the second 
increase in the intensity of solar particles starting after‘the 
Forbush effect. 


A detailed analysis of the observations on solar particles, 
caused. by November 12 and 15, 1960 flares, at the stxtions 
Thule (Arctic) and McMurdo (Antarctic) situated near the geo- 
magnetic poles, is given in the work of Pomerantz et al, [79]. 

It is shown that the propagation of fast particles to the Earth on 
November 12, 1960 was mostly isotropic in nature caused by 
scattering of particles and magnetic irregularities in the inter- 
planetary space, The analysis of the dependence of amplitude of 
the increase on the geomagnetic cut-off rigidity showed that 
particles with rigidity of 1, 0-2,8 Gv gave rise to about 85% of 
the total effect. An estimate of the total energy of solar parti- 
cles in the given rigidity range gives a value of 2, 2xl 029 erg 
for the first increase of November 12 and 1, 9x10"’ erg for the 
second increase, An estimate of the diffusion coefficient in the 
same range gives values of 3, 5x1 022 and 1. 1x1022 cm/sec for 
the first and second increase respectively. It is assumed that 
the increase in the intensity of solar particles was caused by the 
arrival of a magnetized cloud of solar plasma near the Earth's 
orbit. . 
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Conforto and lucci [80] also studied the events in Novem - 
ber 1960 based on the data obtained from ground measurements. 


Time characterigtics for November 12 and 15, 1960 
flares were thoroughly investigated in the work of Feiter et al. 
[81]. The investigations were based on the observations on the 
intensity of neutron component at-four stations having cut-off 
rigidity less than 4 Gv (Upsala, Niderkhorst, Limeil, Pic du 
Midi). It was shown that the November 12 flare event consisted 
of two increases and the second one-apparently had a complex 
nature and can be partly related to the change in the intensity of 
geomagnetic field. The decrease in the intensity after attaining 
a maximum value followed the exponential law, Moreover, if 
for November 12 flare event the period To during which the flux 
of solar flares decreases by e times was significantly different 
for different stages (from 1 to 3,5 hours), the value of To for 
November 15 flare event was the same for all the stages and was 
equal to 4,5 hours. This points out the directional nature of 
the flux of solar particles on November 12, and the isotropic 
nature of November 15, 1960 flux. 


Based on the data of world network of stations, it was 
shown by:A,I, Kuzmin et al, [82] that the three outbursts of 
cosmic rays during November 12-15, 1960 can be related to 
flares with large time scale. The duration of increase of. 
intensity for the first flare was, on adn average for all the 
stations, 2 hours 40 minutes... The maxima continued for about 
2.5 hours, an exponential decrease in intensity with average 
time characteristic To ~ 6.6 hours was observed at stations 
with geomagnetic threshold ¢< 1.3 Gv. The dependence of T, 
on the energy of recorded particles (see Table 14.1) was detec~ 
ted, A comparison of the profiles of the first increase at Sulfur 
and Chicago stations shows that, throughout the event, the 
energy spectrum of solar particles changes continuously and 
becomes more rigid. 


The average duration of increase for the second flare 
was 1 hour 25 minutes. The flare had a sharp maximum at 
2000 UT on November 12, 1960. The characteristic time:-of 
decrease T,~ 3.5-4 hours. 
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The duration of increase for November 15, 1960 flare 
was 1 hour at Yakutsk, Sulfur, Lincoln and Elsvorts stations 
and 40 minutes at Chicago, Ottawa, Deep River, Resolute and 
Churchill, After attaining the maximum value, the intensity of 
cosmic rays did not change for lel.5 hrs, It started decreasing 
at all the stations with an average value of T, ~ 5hrs, 


Lockwood and Shea [I, 79] showed that differential spec - 
trum of pulses was D(p) = 5x10°p-6 particle.m-4 sec-1 sterad™! 
(Gev/c)-! at 1 < p £7 Gev/c for November 12, 1960 flare and 
D(p) = 106 p~ 6 particle.m-2, sec”! sterad- 1(Gev/c) for Novem - 
ber 15, 1960 flare. 


Data of observations on solar and galactic cosmic rays 
obtained with the help of satellite "Explorer -7" (altitude of 
flight 550-1100 km) during the period October 13, 1959 - 
February 17, 1961 are given in Lin's dissertation [83], Abso- 
lute values of maximum intensities of solar protons with& 7 30 
Mev have been obtained for 21 flares, It is shown that the 
decrease in their intensity can be represented in the form ~ t~8 
where't "is measured from the commencement of the corres - 
ponding solar flare and the value of 's' changes within the 
limits 1,2-3,4. According to [83], the latitude depetidence of 
the intensity of solar particles at different longitudes for eight 
large flares can be well described by the Mak-Ilvain parameter L 
but does not agree with the distribution of geomagnetic threshold 
rigidities suggested by Quenby and Webber [I. 43], A comparison 
of the results of measurements on "Explorer-7" with the data of 
high-latitude riometers showed that solar protons with E,, > 30 
Mey play an insignificant role in the phenomena of absorption in 
polar caps, 


Recording of solar cosmic rays caused by flares on the 
invisible side of the Sun is of exceptional interest for selecting a 
suitable diffusion model. As mentioned by Parker [I. 61], the 
propagation of particles from such flares is very difficult to 
record as a separate event due to the extremely large time lag, 
probably going up to one day, and due to their low intensity which 
is < 1 % of the intensity of particles from flares on the visible 
side of the Sun. Nevertheless, there is one extremely interest- 
ing case when it definitely became possible to observe the pro- 
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pagation of solar cosmic rays from a chromospheric flare on the 
invisible side of the Sun. According to Pomerantz and Duggal 
[84], the flare occurred on November 20, 1960 in the active 
region with longitude of 120° to the west of the central meridian, 
i,e., at 30° beyond the edge of the disk. According to observa- 
tions of Hansen [85], its height over the photosphere, at the time 
of its appearance over the edge of the solar disk, was 93,000 km. 
Astronomical observations showed that during this time, the 
plasma was emitted from behind the disk with radial velocity of 
about 1000 km/sec. The maximum height of eruptive cut-off was | 
about 300,000 km. An increase in the intensity of cosmic rays 
was recorded on the Earth's surface and in the stratosphere and 
the time lag of the particles was of the order of a few hours. 
Specifically, significant increases in the intensity of neutron 
component of cosmic rays were observed by Conforto and Iucci 
[80] at the stations Thule (Arctic) and McMurda((Antarctic), 
These increases were of the order of 6.3% and 10.4% respec- 
tively. Obviously, the small delay is explained by the fact that 
the propagation of particles is considerably facilitated bythe 
presence of quasiradial interplanetary magnetic field whose lines 
of force are bent due to the rotation of the Sun. The November 
12, 15 and 20, 1960 flares of cosmic rays are also analyzed in 
the work of V.I. Ivanov et al. [86]. 


Anderson [87] once again analyzed the data of riometric 
observations and ballloon measurements on energetic particles 
obtained during the end of August 1957. It is shown that during 
this period there were two outbursts of solar particles and not 
three as were mentioned earlier by the author, The time lag 
between the commencement of the flare and the propagation of the 
particles to the Earth was considerably less than.that suggested 
earlier on:the basis of data on solar radio emission. The class 3 
flare recorded at 2010 UT on August 28, 1957 is the most pro- 
bable source of solar particles which started propagating to the" 
Earth after 2140 UT. The experimental data for August 29 event 
are unreliable, ffhe second outburst of solar cosmic rays, which 
could be clearly observed, started at 1340 UT on August 31, 1957 
The chromospheric flare which started at 1257 UT on August 31, 
1957, best corresponds to this event, Anderson arrived at the 
conclusion that the whole of the complex of helio- and geophysical 
phénomena, observed during the end of August 1957, can be 
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explained within the framework of the model of "magnetic trap" 
suggested by Gold and developed by McCracken and other re- 
search workers. 


10,3 Flares in July 1961, Hofrmannand Winckler [88] 


investigated the July 1961 flares thoroughly on the basis of the 
data of balloon measurements over Churchill and Minneapolis. 
Simultaneous observations were made by Keppler et al. [Il. 54] 
over Kiruna (Sweden). 


Interesting data on the spectrum of solar protons with &% 
= 77.5-290 Mev during July 12, 1961 flare were obtained by Guss 
and Waddington [40] with the help of emulsions flown on balloons 
over Churchill. Differential spectra, averaged for the period 
0839-1819 UT on July 13, are described by the power function of 
kinetic energy with index ¥ =5.6+0.3, by power function of total 
energy reduced to potential energy with y =47+3 and by exponen- 
tial function for rigidity from Ry=52+3 Mv. The intensity of 
particles with £4 777.5 Mev was equal to 1.69+0. 14 cm~2, sec”! 
sterad-!, During the July 18 flare, the intensity of particles 
with &4% 100 Mev was equal to 4048 cm~%. sec”! sterad-! during 
the interval 1305-1918 UT. Similarity between these-events and 
flares of April 29 and May 4, 1960 is: noted, 


Keppler et al. [II, 54], on the basis. of data of balloon 
measurements over Kiruna (Sweden), studied the four events of 
injection of solar protons in July 1961, The obtained results are 
given in Table 10.1 from which it is seen that on decreasing the 
flux of protons of nonrelativistic energies according to the law 
~t-®, the index considerably changes for different events. It 
was shown for July 12, 1961 event by Keppler et al, in the same 
work that 10 hours after the chromospheric flare, the spectrum 
in the range 110 < € & 270 Mey was of the type ~ &~*+4 and 
that spectrum in the gnge 110<¢ & $ 160 Mev after 5.5 hours 
became softer: ~ 7% !, 


As a result of the thorough analysis of the data of balloon 
measurements with the help of gas-discharge counter and ioni- 
zation chamber, Hofmann and Winckler [88] arrived at the con- 
clusion that the intensity of solar protons from July 18 and 21, 
1961 flares decreased approximately according to the exponential 
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law ~exp (- t/To) where Ty was equal to 8,9 and 5. 3 houvs for 
the events of July 18 and 20 respectively. 


Commenting on the results of the analysis of Winckler 
and Bhavsar [78] for September 3, 1960 flare and of Hofmann and 
Winckler [88] for July 1961 flares, Chasson [89] mentions that 
exponential law of attenuation was sufficiently clearly detected 
earlier by Anderson et al, [90] for May 4, 1960 flare. During 
this flare, the intensity decreased according to the exponential 
law in the beginning with a time constant T, %17 min, which 
afterwards increased to 78 minutes (of course, it should he 
pointed out that the intensity later on also decreased according 
to the law ~ t-3/2 but the accuracy of measurements during this 
period was insufficient). 


The flare events of July 1961 were also studied by E.V. 
Kolomeets [91] on the basis of the data on nucleon component for 
9 stations, The analysis showed that the decrease in the inten - 
sity of solar protons from the July 18, 1961 flare event continued 
for about 10 hours approximately according to the law ~exp 
(-t/T,) where T,%15 min, Almost at all the stations during the 
first hour after maxima, a very sharp decrease in the intensity 
was observed after which there was small increase. Most pro- 
bably, during this time (1230-1330 UT), there was a small solav 
flare responsible for the additional flux of particles. 


The July 20, 1961 increase in the intensity ot solar 
protons can be related neither to small ( £ 1%) nor to large 
increases. The maximum intensity during this flare attained a 
value of a few per’ cents and was slightly more than the limits of 
statistical errors. The increase in intensity continued for about 
- 30 minutes and the decrease for not more than 2 hours, whereas 
in all other cases of small as well as large increases, the 
decrease continued for not less than 8-10 hours. Apparently, 
during some flares, there are "tunnels" for free exit and propa- 
gation of solar particles to the Earth along the lines of force of 
the magnetic fields "frozen" in corpuscular beams. 


Fig. 10,1 shows the dependence of the amplitude of 
increase on threshold rigidity. It is seen that particles with 
E,~ z00 Mev were intensely scattered by interplanetary fields 
on July 20, 1961 which caused the attenuation of the effect in the 
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region of very high latitudes. It is not eliminated that cut-off 
from the side of low energies took place even during the exit of 
particles from the region of solar corona, 


With the help of the method of correlation coefficients, 
E.V. Kolomeets [91] determined the spectrum of solar particles 
(Fig. 10,2) which up to energies of 2. 5 Gev can be approximated 
by the relation €;,” where ¥ is equal to 3. 5-4.0 and 2, 5-3 for 
July 18 and 20, 1961 flares respectively. 
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Fig. 10.1. Latitude effect of flaves in Fig. 10.2. Energy spectra of solar ~_ 
July 1961 [91]. particles during July 1961 flares [91]. 


Pomerantz and Duggal [92] analyzed the data on the 
increase in the intensity of neutron component at high-latitude 
stations of Thule and McMurdo on July 18 and 20, 1961. Similar 
increases in July 1961 were studied by Wilson et al. [93] fora 
number of stations on mountains and at sea level. 


Detailed investigations on July 1961 flares were carried 
out by A.N. Charakhch'yan and T, N. Charakhch'yan [94] on the 
basis of the data of stratospheric measurements over Murmansk, 
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The results of eight flights during July 12-20, show that the 
spectrum of solar particles during this period remained practi- 
cally unchanged:~ ef. 


Valuable data on flux of solar particles with EX = 1-15 
Mev and ey > 40 Mev and their variations during July 1961 
magnetic storms were obtained by Zmuda et al. [II. 3] from the 
observations on the satellite "Injun-1"' (the satellite was launched 
on June 29, 1961, inclination of its orbit with the equatorial 
plane 67°, height in apogee 998 km and in perigee 881 km). 


10,4, Flares during the end of 1961 and in subsequent 
years. Results of measurements, on satellites "Explorer-12" 


and "Explorer-14", of four large increases in the intensity of 
solar protons related to chromospheric flares on September 10 
and 28, 1961, November 10, 1961 and on October 23, 1962, are 
analyzed in detail in the work of Bryant et al, [I. 54]. It is shown 
that the short-lived fluctuations in the intensity, observed for 
these cases, are related to the regular structure either of solar 
wind or of transition region between interplanetary plasma and 
magnetosphere, Mention is also made of the increase in inten- 
‘sity on September 7, 1961 which is not related to any flare. 
September 28, 1961 flare is analyzed in detail in Chapter IV. It 
is appropriate to mention here that five hours after the commen- 
cement of September 28, 1961 flare, the intensity decreased 
according to the law ~t-2, On the basis of the data of the 
satellite "Explorer-14", Frank [95] detected the April 15, 1963 
flare. The time variation of protons with e7 23 Mev for this 
flare is shown in Fig. 10, 3. 


L, L, Lazutin [96, 97] noted an increase in the intensity 
of cosmic rays in stratosphere over the station Apatite (67938'N; 
33920'E). Measurements were taken with the aid of radioprobe 
"RKL-4", The data of 1] flights were analyzed. Increases in 
the intensity were observed on September 17, 1968 at about 0900 
UT and on September 21, 1963 at about 0830 UT. For the latter 
case, the integral spectrum of protons had index ¥ =3.5 whereas 
the intensity decreased according to the law ~ t-l. 


An interesting comparison of some satellite and rio- 
metric data on solar protons for September 1963 flares is given 
in the work of Chivers and Burrows [98]. Measurements were 
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Fig. 10.3. Time variation of the intensity of solar particles for the April 15, 
1963 flare [95]. 


taken with the heip o1 satellite "Alouette" (height of orbit 1025425 
km, inclination 80°, period of rotation 105 min) and data of 
riometers at 30 MHz installed at the northern and southern ppiar 
caps, were used fert6mparison. 


Two significant increasses of solar cosmic rays were 
observed in September 1963, The first one followed 2 series of 
class 2 flares and was: recorded for the first time by satellites 
and riometers immediately after 0000 UT on September 21, 1963. 
This increase was also recorded in stratosphere by L. L. Lazutin 
[96]. The second increase was observed at about 0700 UT on 
September 26 after class 3 flare, 


In order to study the dependence of absorption on the flux 
of protons, Chivers and Burrows compared the rated values of 
absorption in the southern hemisphere with the flux of protons 
averaged for the period of one transition over the northern polar 
cap. The results of the comparison for protons with Ey =1,3-7 
Mev and & > 33 Mev are shown in Fig. 10.4 where the time 
sequence of obtained points is marked by arrows. The best 
approximation is shown by straight lines (full) and these can be 
compared with the calculation results of Bailey [99] (dotted 
lines) for protons with & >10 Mev moving vertically (zenith 
absorption). For particles with §& = 1,3-7 Mev, the inclination 
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of the, straight line is determined by the relation I = 2x10’ A2.0 
where I is the intensity of protons (m-2 sec7! sterad-!) and A is 
the magnitude of zenith absorption in decibles as measured by 
riometer at 30 MHz. This relation is in conformity with the 
expression IJ = 2x10° A2- 9 obtained by Bailey [99] and the dif- 
ference by a factor of ~102 can be explained by the fact that 
protons with Ey =1,3-7 Mev interact in the atmosphere at alti- 
tudes higher than that of protons of higher energies and thus, play 
a smaller role in ionization and absorption of radiowaves. For 
Ey 7 33 Mev, the inclination of corresponding curves slightly 
differs from calculation results of Baitey [99], 
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Fig.10.4. Absorption amplitude from data of 30 MHz riometer at the South 
Pole as a function of the intensiiy of proton beam with Ep = 1.3-7 
Mev and &}, > 33 Mev recorded by the satellite "Alouette "in 
September 1963. 
a - September 21,1963; b - September 26, 1963. Calculation 
results of Bailey [99] are shown by dotted lines; arrows show the 
time sequence of the points. 


The amplitude of absorption.of cosmic radio noise changes 
from day to night by about 4times. But since the riometer, 
whose data was used for comparing with the satellite measure- 
ments, was installed at the south geographical pole and since the 
events of. absorption described here took place in September, the 
ionosphere around the South Pole was for all the time illuminated 
by the Sun which helped in eliminating daily variations of absorp- 
tion. The obtained empirical relations obviously depend upon the 
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spectrum of solar particles but even then the curves of Fig. 10.4 
can be used for determining the flux of solar protons in certain 
energy range from the data of riometers only. 


The data of observations on the flux of protons generated 
during flares, which were obtained from the satellite "Alouette", 
are analyzed in detail by Burrows et al. [100]. Following are 
the results of the analysis: 


i. The differential spectrum of protons from September 
21, 1961 flare had the form ~ Boone for protons with é, = 
33-400 Mev. 7 


2. One hour after the September 21 flare, the flux of 
protons with , =33-400 MeV increased by 4 times in the limited 
range of latitudés and longitudes. The interpretation of this 
increase ‘as due to shock zone leads to the conclusion that the 
source extending to about 20° along the width was situated at 10° 
south of the Sun's equatorial plane and 75° east of the Earth-Sun 
line. 


3. The low-latitude cut-off before the sudden commence- 
ment of magnetic storm for protons with &4, =114-165; 50-60; 33; 
1,3-7 Mev took place at L = 4.1; 4.5; 4.5 and 5.3 respectively. 
The cut-off for protons with & = 1,3-7 Mev decreases to L=4. 1 
after the sudden commencement on September 21 and 27, 


4, The values of the flux of protons decrease exponen- 
tially with the passage of time during magnetically quiet periods. 
Characteristic times of attenuation (5-8 hrs) are different for 
the two flares and for different energies but are considerably 
less than those observed in July 1961 (20-24 hrs). The flux of 
low-energy protons is more sensitive to disturbances in the 
interplanetary medium than the flux of high-energy protons. 


5. Riometer readings at Resolute correspond better to 


component with €.= 1.3-7 Mev than to component with b, 7? 33 
Mev. . 


In the period of high solar and geomagnetic activity during 
September 15-30, Harding et al, [101] measured solar cosmic. . 
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rays on satellite "Injun-3" at geographical latitudes right up to 
71°. Time variations of intensity, latitude effect and spectrum of 
solar protons with energy &4°> 0.5 Mev were obtained, 


Mention is made of the increase in the intensity of solar 
protons from February 5, 1965 flare in the work of Paulikas et al, 
[10]. This class 2 flare was observed at 1750 UT at a point with 
heliocoordinates 8°N, 24°W. Protons with & 710 Mev were 
measured with the help of satellite "1964-45-A" which bad almost 
polar orbit (inclination ~ 969). The spectra and time-variation 
of solar protons for February 5-8, 1965 were obtained. 


The data given in [102] refer to altitudes of about 400 km 
over the southern and northern polar regions, The general 
nature of time variations of solar protons is shown in Fig, 10,5 
for many threshold energies. The beginning of the optical flare, 
moment of arrival of protons with & 710 Mev (from the data of 
"Mariner-4" at a distance of 1.1 astronomical units from the 
Sun),- sudden commencement of geomagnetic storm and time 
variation of K,-index are also shown in this Fig. Due to techni- 
cal reasons, data for the first few hours after the optical flare 
are absent, Ky 


6 


gg & > 


“& p> Mev. 7 
& &2 2 Mev 
° fe Mey- 

one 


V6LBOELEGER 

; Feb.6 ~ Feb.7, 1965 

Fig. 10.5. Time variation of solar cosmic rays from February 5, 1965 flare 
fLo2f. 
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It is interesting to mention that no dispersion in the velo- 
city of protons was observed during the period under reference. 
Significant changes in the flux of protons were also not observed 
at the time of arrival of plasma cloud and subsequent geomagne - 
tic storm to the Earth which started at 1414 UT on February 6, 
1965. Obviously, the energy thresholds of detectors used in 
[102] were very high for recording low-energy particles which 
could arrive at the beginning of the geomagnetic storm, Accord- 
ing to Parker [103], these particles could have been accelerated 
in the space between quiet solar wind and plasma cloud moving 
from ‘the Sun and related to solar flare or could have been 
trapped in the region behind the front of plasma cloud. During 
the next revolution of the Sun, no increase in the intensity of 
solar protons was observed as compared to the galactic cosmic- 
ray background (~ 3 particles,cm~2 sec~!), 


The integral spectra of solar protons are given in 
Fig. 10.6 for three different times when short-lived fluctuations 
of intensity were not observed. Spectra obtained before and 
after short-lived sudden increase (fluctuations) of intensity of 
solar protons at 0020 UT on February 6, 1965 are also given in 
[102], Paulikas et al, [102] consider that fluctuations in the flux 
could have been caused by changes in the direction of proton 
heam beyond the limits of the magnetosphere. 
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Fig. 10.6. Integral spectra of protons at different stages of the flare when 
time fluctuations were absent [102]. 
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Table 10,2 gives a representation of time characteristics 
of the described phenomenon, As can be seen from Table 10.2, 
the characteristic attenuation time Ty does not simply depend 
upon the average speed of protons, which may be expected from 
diffusion theory when the effective mean free path for diffusion 
does not depend on energy and T, ~ 1/¥ (see Section 14.3). The 
time variation of protons with &, = 10-35 Mev considerably 
differs from that of protons with &>40 Mev. It can be explained 
by assuming that the source has a complicated spectrum or that 
‘the propagation of particles differs from the simple diffusion 
process; moreover, the effective mean free path for diffusion 
possibly depends on the rigidity of particles, 


TABLE 10.2 


Decrease in the intensity of integral flux of protons on February 5, 1965 [102] 


€., Mev Ty, hrs ss Integral flux four 
Ty, hre hours after the 
¢ optical flare, 


: cm72 sec” 
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The flare of February 5, 1965 was also recorded by 
“IMP-2" and "Mariner -4" (Van Allen and Krimigis [104], 
O'Gallagher and Simpson [127] ) but the values of T, obtained 
were 800 min. and 1100 min respectively for the integral flux of 
protons with &4 > 15 Mev. The time variation of such protons, 
is shown in Fig, 10.7. 


The equipment installed on "Mariner-4" included three 
face Geiger counters two of which had threshold energies for 
electrons ~ 40 kev and the third one, ~ 15 kev (these counters 
were capable of recording protons with &€ 2 55 Mev) and one 
semiconductor proton detector which was not sensitive to elec- 
trons (level of discrimination 0, 50 $ &, 411 Mey and 0,88 St,4 
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Fig. 10.7. Time variation of solar protons with &,>15 Mev for February 5, 
1965 flare from the data of "IMP-2"and 'Marines-4" 
4 Mev). During February 5-13, "Mariner-4" was situated at a 
distance of 1,14 astronomical unit from the Sun. The angle 
between the Earth-Sun and Earth-"'Mariner-4" directions was 
equal to 1,99, An outburst of corpuscles was recorded at 
1840+0010 UT on February 5, 1965. Protons as well as elec- 
trons with E~ 40 kev and having very steep spectrum were 
observed (see Section 22). The fluxes at the maxima (2130 UT) 
were F, (&,2 55 Mev) ~ 80 cm~% sec-! and F (€ % 40 kev) ~ 
700 cm~2.sec-!, The low-energy protons (0,50 < Ep < 11 Mev) 
showed complicated change of intensity with time. Many 
maxima were observed during 8 days, the biggest being at 0900 
UT on February 7, 1965 and Imax = 125 cm~*.sec-!.sterad-1, 
The propagation of protons with &€ 7 55 Mev is in conformity 
with the diffusion model in which the diffusion coefficient in- 
creases with distance as r2/3, However, at low energies, the 
propagation does not conform to any simple diffusion model. 


From October 17, 1963 to October 1965, Felthauser 
et al, [105] made minute observations on solar and galactic 
cosmic rays with the help of neutron and scintillation detectors 
(threshold energy ~ 20 Mev) aboard the satellites "Vela", The 
satellite orbits were close to circular one with radius 16-20 rp. 
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The integral intensity of cosmic rays of energy higher than the 
threshold energy was recorded continuously. The most powerful 
of all the recorded solar flares took place on February 5, 1965, 
The intensity of the October 4, 1965 flare was about 10% of the 
intensity of February 5, 1965 flare on the assumption that the 
energy spectra are similar. The upper limit of the flux of solar 
protons with & 7 0.5 Mev was determined with the help of a 
Geiger counter having a thin window. 


In the middle of April 1965, Houston and Earhart [106], 
on the basis of riometer data at 22 MHz at Durkhem, recorded 
unusual variations in the flux of cosmic rays which were accom- 
panied by large fluctuations in the horizontal component of the 
geomagnetic field, 


Heristchi et al. [107] recoreded the increase in the flux 
of protons with && @ 100 Mev on July 7, 1966 in stratosphere 
over North Scandinavia, Time variation of these protons, change 
in the index of their differential spectrum with time and 27. 6 
MHz riometer data at Kiruna (Sweden) are shown in Fig. 10.8. 
Neutron monitor at Kergelen Island (sea level, cut-off rigidity 
1,28 Gv) also recorded a small (~ 2%) increase in the inten- 
sity*, 


It is interesting to mention that a clear sudden decrease 
in the intensity of proton beam with Ep ~ 0.5 Mev was observed 
on the satellite '"Explorer-33" at 2106 UT on July 8, 1966 in the 
interplanetary space at a distance of 187, 000 km from the Earth, 
Obviously, solar flare observed at 0027 UT on July 7, 1966 
emitted the protons, Sudden decrease in the intensity conforms 
to the effect of interplanetary shock wave whose detailed struc- 
ture was observed with the help of the triple-component ferro- 
probe magnetometer installed on the satellite. 


. Pomerantz et al. [167] also recorded the increase in the intensity of cosmic 
rays at sea level on July 7, 1966. This was the first result obtained with 
the help of network of supermonitors installed at high latitudes in both ihe 
hemispheres. The effect of amplitude ~ 1% was observed at those stalions 
where the geomagnetic cut-off was less than that caused by the atmosphere. 
The increase was not observed at Syartmore where geomagnetic threshold 
is 1.92 Gu. The July 7, 1966 flare was also recorded by Lin et al. [171] 
with the aid of the satellite "IMP-1"' ('Explorer-33'). Comparison with 
simultaneous observations on the satellites 'IMP-3"and 'OGO-3" facilitat- 
ed detection of a number of unusual characteristics of this complicated 
phenomenon. 


174 


SPECTRUM, COMPOSITION AND FLUX VARIATIONS 


Bepinning of radio cmisaian of type IV 
A, db Commencement of chromospheric Mare 


| 
HT Ec ae YES PSY COC ROY DSM (OY RI REST EEN LEER een LR Fee 
GCleosk €6 $F § FBESGRHERLBHEHR EB 

UT. 


Tuly 7, 1966 


Fig.1C.8. Change, with time, in the index af differential spectrum of protons 
with &, = 100-500 Mev (a), intensity (b) and absorption amplitude 
of cosmic radio noise (c) during July 7. £966 flare. 
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A number «sf solar proton flares were also recorded in 
August-September 1966 and in January and May 1967, The 
increase in the intensity of cosmic rays, observed by the world 
network of stations on January 28, 1967, is of great interest 

‘(see Section 14), 


According to Blake et al. [172], the propagation of solas 
protons from class 3 flare, observed at 1530 UT on August 28, 
1966, was recorded by the equipment aboard the satellite 
"1966-70A" [110], At 2000 UT on July 29, 1966, the intensity of 
protons with &% = 2 Mev at high latitudes was 2. 5x107 cm <% 
sec~!, sterad-l, Mev-!; at 1820 UT on August 30, it attained a 
value of 7. 5x10~3 while the flux of protons with Ey = 8 Mev 
during this period reduced, 
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With the help of 2-100 Mev proton detector installed on 
the satellite "OGO-3", Kahler et al. [128] measured the flux 
and anisotropy of these protons during August 28, 1966 flare 
and magnetic storm connected with this flare (sudden commence- 
ment at 1314 UT on August 29, 1966), A few Mev proton flux 
after sudden commencement increased to 2x103 cm~2 sec” 
while the anisotropy was 4:1 and did not depend on energy. 
Comparison of the measuremed data and Roelof's model of pro- 
pagation of particles [IV. 23] shows that scattering at magnetic 
irregularities is not so large that distribution according to 
pitch-angles may approximate to an asymptote. 


On the basis of data obtained with the aid of the Moon 
satellites "Luna-11" and "Luna-12", N,L. Grigorov et al. [164] 
studied time variations of protons with Ex >» 50 Mev and >1.8° 
Mev during the period August 28-October 1, 1966 and October 
25, 1966-January 5, 1967. Sudden increases in the flux of pro- 
tons were observed after solar flares of August 28 and September 
2, 1966. Simultaneous measurements of protons with€, > 400 
Mev were conducted on "Proton-3" while no increase in the inten- 
sity of cosmic rays was observed within the limits of + 10%. The 
integral spectrum I1(>&)~ €*, where ¥>1and ¥> 1.7 for 
August 28 and September 2 flares respectively, was determined 
by taking into account these results, The intensity of protons 
decreased on September 2 according to the law ~ t73.4 (time is 
counted from the moment of optical flare), According to Masley 
and Goedeke*, the outburst of September 2, 1966 was the most 
powerful one after July 18, 1961. According to data of N. L. 
Grigorov et al.[164], the flux of protons with &, > 50 Mev on 
September 2, 1966 was 400 cm~%,sec~! (by 2 orders more than 
the galactic background~ 4 cm-! sec-1), The intensity of 
protons with & >» 1.8 Mev underwent strong flunctuations. 


Mention is made in the work of P.N, Ageshina et al.[109] 
of the measurements on solar protons over Murmansk and 
Mirny (Antarctica) during the flares on July 7, 1966, September 
2, 1966 and January 28, 1967, The intensity of protons on 
July 7 over Mirny at a pressure of 8 g/em2 was 0.7 cm~~ sec~! 
sterad-! which is close to the intensity of about 0.8 cm74 sec7! 


* 
Report read at the International Conference on Cosmic rays, Canada, July 
1967, 
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sterad-! over Kiruna observed by Heristchi et al, [107] at the 
same pressure. The integral spectrum of protons over Mirny 
had the form gi *“ which is also in conformity with the 
results [107]. Equality of fluxes and coincidence of spectra of 
solar protons at Kiruna and Mirny point out the isotrpy of parti- 
cles in the terrestrial space. 7 


For the September 2, 1966 flare, integral spectrum of 
protons had the form Eg? 7 and practically did not change 
during the whole of the phenomenon, 


During January 28, 1967 flare, the maximum intensity 
of protons at a height with pressure 8 g/cm* over Murmansk 
was 1, 8x10° m-2, sec-], sterad-l, During simultaneous 
measurements at Murmansk and Mirny, the intensity of protons 
in stratosphere coincided which points out the isotropy of parti- 
cles near the Earth, The index of integral energy spectrum in 
January 28, 1967 measurements in the range € = 300-600 Mev 
was % = 3.5 while in January 29-30 and February 1, 1967 
measurements,¥ = 3.0 in the energy range of 80-400 Mev. In 
magnitude, this flare was close to November 15, 1960 flare. 


Time variation of the intensity of protons for July 7, 
1966 and January 28, 1967 flares well conforms to diffusion 
curves on the assumption that the generation on the Sun lasts for 
a relatively short period and = 2, ( »/r,) whereB =z1. The 
- increase in the intensity during September 2, 1966 flare was 
slower than the decrease and thus, it is not possible to describe 
the time variation by a usual diffusion curve. By comparing the 
data of neutron monitor at Chicago with the results of stratos- 
pheric measurements of January 28, 1967 over Murmansk, it is 
shown in [109] that A= const = 7. 4x10!! cm for nonrelativistic 
protons. 


The value A =1. 4x10!2 cm for July 7, 1966 flare was 
higher than that for September 28, 1961 flare. In both the cases, 
solar activity was the same (total number of groups of solar — 
spots during the month W= 120), A similar effect at N% = 230 
was observed during the flare events of January 28, 1967; 

April 1, 1960 and May 4, 1960 for which values A = 7. 4x10!! em, 
7.1x1011 cm and 9.8x10!! cm were obtained respectively. 
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During the flare of September 2, 1966, protons were also 
recorded by Paulikas et al, [110] and Gram [168] on the satellite 
1966-70-A" having polar orbit. A counter telescope to measure 
the spectrum of protons in eight energy intervals in the range of 
23-300 Mev was installed on the satellite, Another telescope 
(of semiconductor detectors) and 4 nondirectional detectors 
covered the energy ranges of 1, 1-18 Mev (4 intervals) and 12-130 
Mev respectively. According to Gram [168] and Paulikas et al. 
[110], the intensity of protons with energy of 29 Mev during 
September 2, 1966 flare remained constant for 15 hours while 
for energy ~ 55 Mev during the same period, it changed from 7 to 
1 cm" sec”! sterad-1 Mev"~. The intensity of protons with 
energy of 100 Mev was < 0,1 cm ~2 sec-l.sterad-}. Mev-! and the 
differential spectrum had the form ~ &% . Fluxes of 470 and 
17 cm=2 sec~/ Mev~! were observed for protons with energies 
of 20 and 100 Mev respectively in the northern polar cap at 
1945 UT on September 2, 1966. The time constant of energy 
attenuation at these energies was 19. 6 and 3.4 hours respectively, 


Much information on solar protons from September 2, 
1966 flare was obtained by Zmuda et al, [169] with the help of 
the satellite 1963-38C", During September 2, 1966 flare, 
Brown and Parthasarathy [170] observed absorption of cosmic 
radio noise in the Earth's polar regions. 


10, 5 Transport of solar particles in magnetic traps of 
corpuscular beams, In May 1959, A.N. Charakhch'yan et al. 


[1. 13] and Ney et al. [I, 12] independently recorded a large 
increase (by ~ 40 times) in the flux of protons with €4 7 120 Mev 
with the help of cosmic-radiation detectors flown on balloons. 
The beginning of the effect was found to be coinciding with the 
commencement of a magnetic storm. An analysis of these data, 
done by L,I, Dorman [111], showed that in the front part of the 
corpuscular beam, there was a magnetic trap having specific 
properties. The characteristic feature of this increase is the 
exponential form of the subsequent decrease in intensity e-t/2 
(t in hours) which very much differs from the usual diffusion 
law, 


Analyzing the two-fold nature of the November 12, 1960 
increase, Kodama and Kitamura [112] arrived at the conclusion 
that the second increase was apparently caused by particles 
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captured in the magnetic trap of the corpuscular beam since the 
analysis of solar data during this period certifies to the absence 
of emission of cosmic rays by the Sun. An approximate explana- 
tion of this effect is given in the work of Steljes et al. [113]. 


be 

About two days after the September 28, 1961 solar flare, 
a magnetic storm with sudden commencement was observed on 
the Earth, During the storm, the decrease in the intensity of 
galactic cosmic rays as observed by-Bryant et al. [I. 23] from the 
data of “‘Explorer-12" was 1.7 + 0.3 times the decrease from 
the data of neutron monitor at Deep River. At the same time, 
the flux of solar protons with 64 < 15 Mev increased considera- 
bly (by tens of times), Bryant et al. [I. 23] assumed that these 
low-energy protons were transported to magnetic trap of the 
corpuscular beam which had caused the magnetic storm and 
Forbush effect. It should be mentioned that the increase is 
studied right up to &4< 200 Mev. It shows the upper limit of 
the energy of particles captured in the magnetic traps. 
Measurements of Hofmann et al. [114] on the same satellite for a 
beam of protons with &% = 0,1-5 Mev as well as the data of Van 
Allen and Whelpley [IV.70], obtained with the help of the satellite 
"Injun-1" during the same period, do not contradict the con- 
clusion of Bryant et al, [I.23]}* 


Essentially, these are the examples when it was possible 
to interpret the time variation of the intensity of solar cosmic 
rays on the basis of the concept of magnetic traps of corpuscular 
beams. Thus, although the transfer of low-energy solar cosmic 
rays to magnetic traps is apparently gne of the usual methods of 
transportation of particles from the Sun to the Zarth, this pro- 
cess is more rare than propagation by diffusion. 


Closed -configuration regular magnetic field can, in 
principle, serve as an ideal trap. However, the effectiveness of 
even the ideal trap will, obviously, significantly depend on the 
energy of particles: one and the same magnetic formation can 


x 
As shown by Parker [103], the attempt to explain the observed effects of the 
increase in the beginning of a geomagnetic storm by acceleration of parti- 
cles on the Sun has run into many difficulties. B.A. Tverskoi [V. 182] 

. assumes thal these effects are cases of most intensive turbulent accelera- 

’ tion in the interplanetary medium (see remark on p 458). 
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become an opaque trap for particles of energy less than some 
critical value and can be practically transparent for particles 
having higher energy. Should only the formations with regular 
magnetic fields of special configuration, in which life of charged 
particles is very large and the effect of accumulation of particles 
is significant, be considered as the cosmic magnetic trap or 
‘should a wider sense be imparted to this concept? 


From the point of view of the study of general laws of 
cosmic-ray intensity variations, it is advisable to consider all 
magnetic formations, in which movement and duration of exis - 
tence of charged particles considerably differ from those in free 
space of the same volume, as cosmic magnetic traps. This 
approach facilitates unique consideration and explanation of 
many types of variations of cosmic rays including flares of solar 
cosmic rays similar to those observed on May 11-12, 1959. 


10, 6 Classification of increases in the intensity of 
cosmic rays. According to the data systematized in [I.1, I. 2], 


the increases observed on the Earth can be classified in the 
following way depending upon the nature of propagation of solar 
particles in the interplanetary space (see L.I. Dorman [1.2], 
McCracken and Palmeira [115] ). 


Increase of type A follows immediately after a class 3 
or 3+ chromospheric flare and contains direct and scattered 
components of solar radiation, The intensity of cosmic rays on 
the Earth attains the maximum value very quickly and subse- 
quently starts decreasing gradually according to the law ~ t~3/2 
or~ t-2, The beam of solar particles is extremely anisotropic 
at the initial stage. The intensity of this direct radiation de- 
creases (in contrast to the scattered radiation) exponentially 
which is related to diffusion of particles from the solar super- 
corona. In this case, the path from the Sun to the Earth is free 
from scattered magnetized clouds (Fig. 10.9,a). Such events 
were observed, for example, in March 1942, November 1949, 
February 1956 and May 1960, All chromospheric flares, 
causing these increases, were observed on the western edge of 
the solar disk. 


Increase of type B_ follows with some delay after the 
chromospheric flare and contains only the scattered part of solar 
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Fig. 10.9. Propagation of solar cosmic vays: @), b), c) in the absence ofa 
magnetic trap; d) in the presence of a trap in corpuscular beam, 
radiation, The intensity increases gradually, has extremely 
diffused maxima and afterwards, starts decreasing according to 
the same law as the increase of type A. In this case, there are 
scattering, magnetized clouds (Fig. 10.9, b) on the path from the 
Sunto the Earth. This type of increases were observed in 
February 1942 and in July 1946 (the corresponding chromos- 
pheric flares were observed nea: the central meridjan). 


Increase of type C has significant time lag with respect 
to the chromospheric flare and lasts for a long time. It takes 
place during Forbush effect when the Earth is surrounded by 
solar corpuscular beam related to an earlier chromospheric 
flare (Fig. 10.9,c). Such a case was observed, for example, 
in July 1959, 


Increase of type D in the beginning resembles to the 
increase of type C, Subsequently, after the commencement of 
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magnetic storm, a sudden increase in the intensity and quick 
exponential decrease are observed, Afterwards, the decrease 
continues according to the law t-3/2 or t-2, Such an increase 
was observed in May 1959 and in many other cases (see Section 
10.5) when there was apparently a magnetic trap of solar 
particles in the corpuscular beam (Fig. 10.9, d). 


In the end of this Section, let us study the data on the 
dependence of amplitude of the increase on time for some of the 
very strong flares. These data are given in Fig. 10,10 in the 
logarithmic scale and the time is counted from the beginning of 
the chromospheric flare, Time dependence of scattered flux of 
solar particles is shown for the well-known five large increases. 
In order to plot Fig. 10,10, the data of high-latitude station 
Godheaven were used at which intensity of cosmic rays was re- 
corded continuously for a few decades with the help of a shielded 
ionization chamber. If the simultaneous measurements made in 
stratosphere during February 23, 1956 flare [I.9, I. 11) are used, 
the data can be recalculated to the conditions of stratosphere for 
comparison purposes, The conversion factor for this flare was 
found to be about 300. The data on the remaining four flares 
were recalculated with the help of this coefficient. Of eourse, it 
is a very crude conversion assuming the consistency of spectrum 
during all the flares, Therefore, much importance should not be 
given to the absolute height of the obtained curves; only the re- 
lative change in the intensity with time is significant. Theoreti- 
cal curves of time variation for particles with diffusion co- 
efficients of 102! and 102% cm2/sec are shown in Fig. 10.10 by 
full linés for the sake of comparison, It may be seen that the 
change in the intensity for different flares is more or less 
similar. The flare events of May and July 1959 are apparently 
exceptions which are studied below separately. 


As mentioned in Chapter 1, a significant increase in tne 
intensity of solar particles with €g, ~ 110-220 Mev was observed 
by Ney et al. [1,12] and A.N. Charakhch'yan et al, [1.13] on May 
11-12, 1959, The analysis of the data, made by Ney et al. 
[1.12], showed that, at an altitude with pressure 19 g/cm“, the 
additional flux mainly consisted of protons which, in any case, 
did not come from the internal zone of the radiation. ‘Moreover, 
there were no «&-particles and heavy nuclei in the beam. The 
differential spectrum of solar protons in the energy range 110 
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Fig. 10.10, Nature of change with time in the intensity of solar particles for 
a number of solar slaves. Curves 1,2 - theoretical curves for 


w= 1022 and 1021 cm2/sec respectively, t ~ lime after the begin- 
ning of solar flare. 


Mev < &% < 220 Mev can be represented inthe form ~ & ~4,8 
The magnetic storm caused a significant decrease in the intensity 
of cosmic rays at sea level which is similar to the Forbush effect. 
During this period, a large increase in the intensity of low- 
energy particles was observed in stratosphere whose amplitude 
decreased along the exponent by 10 times during 4 hours (Fig. 
10,11), During this period, the cut-off rigidity for Minneapolis 
.reduced considerably which is related to the disturbance in 


geomagnetic field by plasma cloud caused by the magnetic — 
storm. 
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Fig. 10, 11. Decrease -in the amplitude of increase in the intensity of solar 
particles with time in May 1959 [112]. 


If.the normal concentration of cosmic rays is taken to be 
10-10 cm~3, theoretical curves shown in Fig. 10.10 correspond 
to 1032 particles, emitted by the Sun, A comparison with the 
experimental curves on the known five flares as well as on 
August 1958 flare shows that the value 7% ~ 1022 cm2/sec, i.e., 
A~ (1-3) x 1012 cm is possible quite often, although there are 
deviations in both the directions (for example, for July 25, 1946 
flare, % ~ 3x10%! cm2/sec). 


Considerably lesser values of % should be expected for 
July 1959 flares when the maximum increase took place much 
later than the above-mentioned five flares observed at sea level. 
This may be related to the decrease in A as a result of the 
forces of solar activity and appearance of corpuscular beams 
with regular magnetic field but with scattering magnetic irregu- 


larities which facilitates even the low-energy particles to drift 
in the beam. 
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The decrease in the intensity observed in July 1959 was 
even faster than the decrease during other periods, This con- 
clusion was drawn by Anderson and Enemark [116] who on 
balloons above "Resolute" observed strong flux of low-energy 
solar protons connected with July 16 flare at 2115 UT. Black- 
out in radiocommunications at short waves and absorption of 
cosmic radio noise was noticed at high latitudes at 2300 UT which 
pointed out to the invasion of low-energy protons in the D-layer of 
the ionosphere. A beam of protons with &% = 85-300 Mev, whose 
intensity was much higher than that of galactic background, was 
recorded at altitudes with pressure 6 g/cm2, 25 hours after the 
beginning of chromospheric flare. The spectrum of protons 
during this period hadthe form ~w~ &,-6 1, During subsequent 
days, the intensity of particles decreased quickly although some 
additional flux of radiation was still present on July 27, Time 
dependence of decrease in the intensity of protons well conforms 
to the power law t-3 where t (measured in hours) is counted from 
the moment 16 hours after the flare, 


Quicker decrease in the intensity as compared to the law 
~ ¢-3/2 might be caused by two reasons: 1) the mean free path 
for scattering increases with an increase in the distance from the 
Sun (see Section 14.6); 2) there is additional drift of sclar 
particles in the direction from the Sun due to directional and 
radial movement of magnetic irregularities in corpuscular beam 
(see Section 14.9). 


11. SOLAR COSMIG RAYS AND BACKGROUND OF LOW- 
ENERGY PARTICLES IN THE INTERPLANETARY SPACE 


11.1 Experimental data on low-energy solar protons. The. 
generation of solar cosmic rays is usually related to discrete 
events on the Sun, starting during flares in the active regions and 
accompanied by radio-flares of type IV on wavelengths ranging 
from a few centimeters to tens of meters, It is assumed that the 
acceleration of particles in this case continues for a period of the 
order of a few minutes while the flare lasts for 0.5-2 hrs. Low- 
energy protons having energy of a few kev, which are related to 
widening of the corona and which form the plasma of solar wind, 
constitute another type of emission of solar particles. : 
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Investigations conducted during previous years led’ to 
another component -- protons with &, =0.5-10 Mev. Measure- 
ments on the intensity of these protons in the interplanetary 
sjface facilitate the study of long-life solar corpuscular beams 
and fine structure of the interplanetary magnetic field, 


In 1961, Bryant et al. [117] recorded two cases of increasee 
in the intensity of solar protons with €), > 3 Mev (October 27 
and December 1, 1961) with the help of the satellite "Explorer- 
‘12", These increases were not connected with solar flares but 
coincided with the commencement of magnetic storm and 
Forbush decrease, at that moment when the central meridian 
intersected the active region responsible for the flare and incr ease 
in solar cosmic rays during the previous revolution of the Sun. 
The amplitude of the increases on October 27 and Decmber 1, 
was very small and as such, they probably could not be recorded 
by riometers, 


Recent direct measurements by Snyder and Neugebauer 
[118] on "Mariner-2" in the interplanetary space testify to the 
27-day structuse of the interplanetary plasma. There was no 
special equipment on "Explorer-12" for measuring the plasma but 
increases inthe intensity of protons with E> 3 Mev indicate 
that fluxes of plasma and magnetic fields can drag the protons 
out of the solar surrounding, can accelerate them locally or can 
capture the particles remaining from the previous flare of solar 
cosmic rays, 


Fig.11.1 shows the intensity of protons with &_%>3 Mev 
beyond magnetosphere from the subsolar side during the period 
September 30 -- October 28, 1961. A class 3* flare of Septem- 
ber 28,1961 caused a large increase in the flux of comparatively 
high-energy solar protons. After two days when the intensity of 
particles had already been maximum, an increase inthe flux 
of protons with ex >3 Mev was recorded which was 10 times 
the maximum intensity of September 28, 196l increase, A 
magnetic storm with sudden commencement and Forbush effect, 
recorded by "Explorer-12" and ground neutron monitors, was 
observed simultaneously, The increase in the intensity of protons 
and geophysical disturbances were finished on Cetuber 7, 1961. 
A new increase was observed on Octet: »r 27, 1961 along with 
geomagnetic storms and Forbush effec: :, This increase is not 
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similar to the flare of cosmic rays, it was not preceded by solar 
dis turbance and the event lasted for only a few hours. Moreover, 
the time of arrival of particles did not depend on their velocity, 
i.e., form of the spectrum during the event practically did not 
change, while index inthe range &, = 3-10 Mev was within the 
limits of 4-5. Bryant et al. [117] consider that the October 27, 
1961 increase is related tothe long-life corpuscular beam from 
September 28, 1961 flare. 
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Fig. 11.1) Intensity of protons with é k © 3 Mev during September 30 - 
October 28, 1961 from the data of 'Explorer-12"' [117]. 


A similar event was recorded on December 1, 1961, 
three weeks after November 10, 1961 solar flare which had occur- 
red at the western limb of the Sun and was followed by radio 
emission of type IV and outburst of solar protons [1.23]. The 
increase of December 1 was accompanied by a magnetic storm 
and Forbush effect. This event coincided with the passage, 
acxvoces the central meridian, of an active region where 
November 10, 196! tiare Lcd t#*en place. Thus, the existence 
of long-life flux of plasma is once again confirmed and the time 
differences can be explained by the difference in the location of 
correSponding solar flares. 
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The increase of September 18, mentioned inthe work of 
Bryant et al. [117] has apparently the same nature as, the 
December 27, and 1, 1961, events. 


In another work of Bryant et al. [119], proof is given 
of the prolonged existence of protons with &, = 3-20 Mev inthe 
interplanetary space. The lower limit of about 3 Mev corres-~ 
ponds to the threshold of the detector used. Hence, it can be 
expected that the spectrum of this new component is diffused in 
the region of much lower energies. As mentioned by McDonald 
and Desai [120], the increases in the flux of low-energy protons 
were recorded by "Explorer-14" in 1963 during seven conse- 
cutive revolutions of the Sun and the width of the beams changed 
within the limits of 30-1209, These seven events could be identi- 
fied with the long-life series of M-regions or geomagnetic storms 
which started in August 1962, repeated every 27 days, and conti- 
nued during the whole of 1964. Following are the characteristic 
features of these events : 1) very low intensity (about 1-5 cm-2 
sec"! sterad~! for §&, > 3 Mev); 2) energy spectrum of The 
form ~. exp (- E,./ €,.) where Ex is the kinetic energy of 
protons and & % 2 Mevat &), = 3-20 Mev; 3) absence of a 
direct relation with solar flares or radio emission of type IV; 4) 
qua siequilibrium state confirmed by the absence of dispersion of 
velocities during propagation of particles and by the absence of 
anisotropy in the direction of propagation of particles; 5) 27-day 
cycle ; 6) rigid relation with geomagnetic disturbances; 7) sharp 
difference in the nature of increase and decrease in the intensity 
from that observed for increases due to solar flares, 


With the aid of satellites "IMP-1" ("Explorer -18"), 
Bryant et al, [119] recorded a number of other recurrent 
events, At least in 3 cases during the end of 1963 and beginning 
of 1964, low-energy protons, observed on "IMP-1", came from 
the Same regions of the Sun as during the observations on 
"Explorer -14", Fig. 11.2 shows the spectra at the time of 
maximum increase for a number of events during the first half 
of 1963. In general, parameter €» changes to a lesser 
extent during one event. At such low energies, exponential 
spectrum from kinetic energy i8 equivalent to the power 
Spectrum of total energy in Mev and y= 250. Data at higher 
energies ( E> 80 Mev) for May 2, 1963 event with intensity 
of 0.1 proton. cm-~2 sec~! sterad™! cannot be attributed to any 
of the above-mentioned expressions. 
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Fig.11.2. Integral energy spectra of increases in the intensity of protons 
during the first half of 1963. Data is given for those events when 
maximum intensity was observed for protons with Ep», > 6 Mev 
119). 

Up to this time, the queStion is not clear as to where low- 
energy protons are accelerated - ~ near the surface of the Sun 

or in the interplanetary space (in the turbulent region between 

the fast-moving plasma of corpuscular beam and the surround- 

ing slow-moving solar wind). Bryant etal. [119] prefer the 

latter of the two possibilities and consider that the data obtained ‘ 
by them confirm this point of view. 


Acceleration in the tarbulent region may be similar to 
the mechanism suggested by Parker [103] for the case of shock 
wave spreading in the interplanetary space. However, effective 
capture of low-energy solar particles appears to be less probable 
to the authors [119] because these particles can very freely 
propagate from the Sun to the Earth. 
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Solar corpuscular beams, consisting of low-energy 
protons, were studied by Sinno [122] and Mori etal. [123] as 
the source of geomagnetic disturbances from M-regions of the 
Sun during August 1962 and end of 1964. Plasma, related to 
Such a beam, was observed in the cosmic space by Snyder 
[124] in September-December 1962. 


Some large outbursts, de8cribed here,were also record- 
ed by Van Allen and Whelpley [IV. 70) (on "Injun-1") and Masley 
et al. [01.21](from the data of polar riometers), However, 
observations on "Explorer-14" for the first time made it 
possible to undertake a systematic Study of increase of low- 
energy solar protons with sufficiently sensitive equipment in 
order to get their energy spect¥a and to prove the recurrent 
nature of these events. © 


Identification of long-life active regions on the Sun, 
responsible for M-disturbances, was doubted upon for a long 
time. Two recurrent events, recorded by “Explorer-12" in 
1961, finally showed that the corpuscular beams and geomagnetic 
M-disturbances are observed about a day after the passage of 
active region through the central meridian. 


During the flight of "Mariner-4" to the Mars and after- 
wards (November 28, 1964-- October 1, 1965), Krimigis et al. 
{125] recorded protons with &,.~ 500 kev; moreover, inter- 
planetary magnetic fields were measured simultaneously. A 
short resume of the obtained results is given below : 


1. Starting from 1803rd revolution of the Sun, magnetic 
field during the period > 6 days was opposite in direction as 
‘compared to the component corresponding to the ideal Archime- 
dean spiral anf the picture repeated every 27 days. 


2. exe gy change in the direction of the field was accom- 
panied by the immediate appearance of protons with ELem 0.5 
Mey. Their intensity during 1803rd revolution was ~ 0. 8 cm~ 
sec-1,sterad-1; during 1807th revolution, the. intensity attained 
the maximum value of ~ :6 cm-2, Boers sterad-! and later on, 
decreased to 0.3 cm~-2. sec-!. sterad7! in. 1808th revolution -- 
the last revolution during which measurements were taken. 
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3. The time profile of proton intensity has a structure 
with many peaks in the spectrum and the intensity can attain 
the initial value before the field comes to its original direction. 


4. The intensity of field has a characteristic increase of - 
about 3% inthe beginning of every spectrum with a time lag 
about 1 day and afterwards, as the particles disappear, the 
field attains the normal value and once again, shows an increase 
of the same amplitude. 


5. Only in one case, there is a definite relation between 
this type of event and sudden commencement of the geomagnetic 
storm, 


It may be mentioned that some small proton flares are 
not related to variable sign of the field and they do not have 
27-day periodicity. 


Observational data of protons with kinetic energies 
E51 = 0.5-11 Mev and €,2 = 088-4 Mev during the 16 
months of the flight of 'Mariner-4" in the interplanetary 
medium are discussed in detail in the work of Krimigis and 
Van Allen[126]. During this period, 20 events of appearance 
of solar cosmic rays were noticed whose intensity was more 
than 0,12 cm~@.sec~}, sterad-! (threshold Sensitivity af 
detectors). A clear anticorrelation between the frequency of 
appearance of solar protons and the intensity of galactic 
cosmic rays is mentioned, During February 5-13, 1965, 20 
events of strong flares of cosmic rays were observed but only 
one of them could be identified with chromospheric flare. The 
energy Spectrum of protons in this case was very plane and 
the time variation of intensity of particles with €. > 55 Mev, 
measured by Geiger counter, is well described by the assump- 
tion of free diffusion in the interplanetary medium. In the 
remaining 19 events, change in intensity with time has 
asymmetrical profile and lasts from one toa few days. The 
ratio of intensities, measured by the two detectors remained 
almost the same during the period which is in agreement with 
the differential energy spectrum of the type dI/dé, = exp ( E/es a) 
where & = 200-600 kev or di/d€, & ,~* where y = 24, 
In five cases, the appearance of solar protons coincided with 
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Forbush effects and in seven cases, with the sudden commence- 
ment of geomagnetic storms. It was discovered that the . 
intensity af electrons was never (excepting February 5-15 
even‘) more than that of protons with £,>500 kev. The 
nature of the recorded low-energy protons and the nature of 
their propagation in the interplanetary medium are described 

in short. 


Results of measurements, cOnducted simultaneously on 
satellite "IMP~2* (launched in October 1964), “IMP-3" 
(launched in May 1965) and on spaceship ''Mariner-4", are 
given in the work of O’Gallagher and Simpson [127]. ‘The 
equipment, installed on these satellites, facilitated separation of 
beams of protons and helium nuclei in the range €., = 1-170 
Mev/nucleon. 


The observed data on flux of protons with £ cl and 
E> 15 Mev are interpreted by authors [127] in the following 
way. 


1. In some cases, protons from solar flares propagate 
in Strictly limited space regions which have the 8ame characte- 
ristics as the rotating sectors of interplanetary magnetic field. 
Moreover, proton beams take part in the rotation, 


2. This anisotropy of propagation is very strongly 
related to the spectral structure af the magnetic field. If the 
difference in longitudes between the central meridian and the 
region of chromospheric flare is more than or approximately 
equal to 40°, the particles cannot reach the Earth. 


3. Beams of low-energy protons, recorded in other 
experiments with 27-day cycle, can exist during a few revolu- 
tions of the Sun and they diffuse up toa distance of 71.5 
astronomical units. 


Measurements of O'Gallagher and Simpson [127] were 
made during the minimum solar activity; therefore, the 
effects observed in 1965 have much lesser value than those 
‘measured on the satellite "IMP-1" in 1964, List of the cases 
‘of increases recorded in 1965 along with the data on solar 
activity is given in Table 11.1, Amongst all the observed events, 
following are the most interesting. 
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First of all, the increase recorded on the 228th day af 
1965 is of great interest. Protons from the powerful solar 
flare, situated at 75° west of the Sun-"IMP-3" line easily reach- 
ed this satellite. But the instruments on "Mariner -4" situated 
at 40° towards east of "IMP-3" did not record any increase. 
This east-west effect testifies to the strong anisotropy of 
propagation of solar protons in the interplanetary magnetic 
fields. Another case of this type (219th day of 1965) is less de- 
fined since, on this day, optical flare on the Sun was not de- 
tected. Proton beam in this case reached "Mariner-4" but was 
not recorded on "IMP-3", 


Events of another type are related to propagation of 
solar protons together with the rotating magnetic fields. Int 
crease in proton intensity, recorded by 'Mariner-4" on the 
180th day, was preceded by class 2 solar flare which occurred 
24 hours earlier at 36° east of the Earth-Sun line. This — 
increase was recorded on "IMP-3" about 0.7 day later. The 
difference between the calculated time of rotation of particle 
beam in the interplanetary field (~ 1.9 day) and the experi- 
mentally obtained time (0.7 day) is apparently caused by lateral 
diffusion. Another event of this type (164th day) is possibly 
related to solar flare but we cannot say it with certainity, 


Finally, increase in the flux of solar protons with 27- 
day cycle should be put under the third type of events. It has 
been shown for these events that they cannot be caused by 
solar flares. For example, increase on "Mariner-4'' on the 
239th day was recorded on "IMP-3'' 4.7 days later which well 
agrees with the calculated time of rotation of the corresponding 
beam of particles (nearly 4 days). The increase on 'Mariner- 
4" (265th day) is another example of this type of event. Table 
11.2 shows the expected (if velocity of solar wind ~ 400 km/sec) 
and observed differences in the times of recording the increases 
on "Mariner-4" and the Earth's satellites "IMP-2" and "IMP-3". 


It was shown by the measurements of Bryant etal, 
[119] that increases inthe intensity of protons, repeating every 
27 days, were weak and probably, could not be detected by 
riometers. Actually, as mentioned by Gregory and Newdick 
[129], riometers in this case become insensitive. According to 
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Gregory [11.13], ionospheric data on minimum reflection fre- 
quencies fmin or data on partial reflection from the ionosphere 
is the best indicator of weak proton beams, On the basis of 
these data, Gregory and Newdick [129], independent of other 
research workers, arrived at the conclusion that solar proton 
beams repeat on the Earth after first, second and, possibly, 
Subsequent revolutions of the Sun, 


In connection with the detection, by Gregory [II. 13], of 
the fact that solar protons are generated by small chromospheric 
flares and in general, by the active Sun, it becomes necessary 
to get a universal identification of every recurring beam, From 
this follows the requirement that patrol of solar flares should 
be almost continuous and not even a single small flare should 
occur during at least 24 hours before measuring the flux on 
the Earth. The flare event of September 28, 1961 was the first 
one satisfying this criterion. 


Measurements on fpjin Were made at the stations Scot- 
Base (799S), Cape Hallet (75°S) and Resolute (839N), On the 
basis of the obtained data, Gregory and Newdick {129] arrived 
at the conclusion that slow protons during September 28, 1961 
flare were captured in the trap with angular dimensions of 
20° in the ecliptic plane and slowly came out of it. 


In the work of Bryant etal. [119], it ig assumed that 
the increase in the flux of slow protons in the interplanetary 
Space on September 7, 1961 was caused by a chromospheric 
flare on the invisible side of the Sun. Data obtained by 
Gregory and Newdick [129] confirm that this increase is related 
to a 54-day recurrence of the beam which was for the first time 
observed on July 12-17, 1961. The low-flux event of February 
was apparently a repetition of the January 11-14, 1960 event. 


There arises one question: are the observed recurrent 
Phenomena caused by continuous emission of protons with 
€, S15 Mev from active regions of the Sun or are these 
particles emitted at different short intervals and later captured 
in magnetic traps of interplanetary space? More thorough 
investigations than those possible from data on minimum 
reflection frequencies (fin) are necessary for finding an 
answer to this question. 
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Interesting data on low-energy primary particles were 
obtained by Hofmann and Winckler [130]. Measurements were 
made on May 12, 1965 (i.e. during minimum solar activity) 
with the help of a scintillation detector which was flown con a 
balloon over Barrow (Alaska) and drifted to an altitude with 
pressure of 3.5-5 g/cm? during 26 hours. The detector 
facilitated separation of isotopes of hydrogen and helium nuclei 
in the primary radiation. The spectrum of protons in the range 
e. = 70-150 Mev, upper limit of the flux of primary deuterons 
{o. 1 m* 2 sec”! sterad-! (Mev/nucleon)” ] in the energy range of 
45 - 60 Mev/nucleon and spectrum of primary He? nuclei in the 
range of 90-150 Mev/nucleon were obtained in the work. It was 
established that He3 /(He? + Hef) ratio is 0.11 + 0.05 and 
0.15 + 0,01 at energies of 100 and 120 Mev/nucleon respectively 
(or 0.34 + 0.09 ata rigidity of 0.8 Gv). These data are in 
agreement with the results of satellite measurements of Fan et al. 
{11. 35] inthe same energy range. 


Fan et al, [131] studied the anisotropy and fluctuation of 
the flux of solar protons with &;= 0.6-100 Mev from the data 
of measurements on "Pioneer-6" during the period December 
29, 1965-January 4, 1966. Comparing the obtained results 
with the conclusions drawn in works [119, 135], Fan et al, 

[131] do not eliminate the possibility that a large portion of 
low-energy protons was accelerated not during flares but during 
other types of processes. However the problem of the effective- 
ness of acceleration of particles by magnetic fields of inter- 
planetary space still remains unsolved. 


Measurements on protons of solar origin with &, = 1-5 
Mev, made by a group of Soviet research workers under the 
guidance of S.N, Vernov [132] during the flight of "Venera-2" 
"Venera-3" and ''Zond-3" probes,.are of great interest. 


Six events of significant increases in the flux of protons 
were recorded during the flight of interplanetary automatic 
Stations "Zond-3", "Venera-2" and "Venera-3" launched on 
July 18, November 12 and November 12, 1965 respectively. 
Three of these events were recorded by "Zond-3", two by 
"Venera-2" and one by all the three stations. 
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All the cases of the above-mentioned increases in the 
intensity of protons with &,= 1-5 Mev are shown in Figs. 
11.3-11.6. «In addition to the data of proton detectors and gas- 
discharge counters, 4-hour data of neutron monitor at Deep 
River and values of K,-index of magnetic disturbance are also 
given on these Figs. 


Proton detector 


9 Zond-3" 
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442 26 27 289 DO OH 38 hh 15 7 Bb 19° 2 ra 
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is tee | 4 
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Fig. 11. 3. Outbursts of low-energy protons on July 2S, and August 1965 from 
the data of station 'Zond-3" 

The first two outbursts were observed on July 29 and 
August. 16-17, 1965 (Fig.11.3). According to data of neutron 
monitor and gas-discharge counter on "Zond-3*, small 
Forbush decreases inthe intensity of cosmic rays were observed 
in both the cases, Apparently, the Earth and the station 
“"Zond -3" during this period existed in the co: pusScular beam. 


Sigiificant increase in the intensity of protons with e. = 
1-5 Mev on July 29, 1965,lasting for about one day, took place 
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Neutron monitor (Decp-River) 
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Fig. 11.6, Outbursts of low-energy protons during December 28, 1965 - 
Jaunary 2, 1966 and January 18-24, 1966 from the data of station 
'Venera-2". 

two days after the entry of the Earth and the "Zond-3" in the 

corpuscular beam, Further observations on "Zond-3" and 

"Venera-2" showed that during six subsequent revolutions of the 


sun, the active region, responsible for July 29 outburst, did 
not inject 1-5 Mev protons. 


August 16-17, 1965 outburst was apparently caused by 
the active region of the Sun with coordinates 25°N, 90°W. If 
it is assumed that solar protons move along Archimedean 
spirals of the interplanetary magnetic field, the velocity of 
corpuscular beam in this case is found to be equal to 220 km/ 
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sec. The outburst of August 16-17, 1965 was accompanied by a 
magnetic storm with sudden commencement, 


Fig. 11.4 shows the third outburst which was accompanied 
by an increase in the flux of penetrating protons (&p > 40 
Mev) recorded by gas-discharge counter. During this event, 
probably protons with & > 1 Gev propagated to the Earth which 
is confirmed by the increase in the reading of neutron monitor 
at Deep River. : 


As may be seen from Fig. 11.4,the third increase has a 
very complicated profile. This increase started in the end of 
September and continued up to October 8, 1965. The active 
region, which appeared on the Sun at 0715 UT onSeptember 
26 (20°N 90°E) existed right up to 0735 UT on October 8, 1965 
(22 °N, 76°W). During this period one class 2+ flare, six class 
2 flares, twelve class ] flares and many weaker flares were 
observed in this region. Moreover, another class 2 flare was 
observed at 0935 UT in another active region which on October 
4 had the coerdinates 22°S, 29°W. However, as shown in [132], 
these flares cannot be responsible for the appearance of 1-5 Mev 
protons which could have moved along Archimedean spiral 
corresponding to rad ial plasma speed of 200-400 km/sec. 


Fig. 11.5 shows the data on increase in the intensity of 
1-5 Mev protons on November 27, 1965, recorded on three 
interplanetary probes : 'Venera-2","Venera-3"" and ''Zond-3" 
The distance between the probes "Venera-2" and ''Venera-3" 
at that time was 106 km. The observed displacement: of maxi-- 
mum of the increase on "Venera-3" as compared to "Venera-2" 
can be explained by the fact that the period of rotation of 
'Venera-3" was much more fhan the average interval of data 
which could lead to some modulation in the counting rate of 
"Venera-3". Additional modulation due to probe rotation appa - 
rently could not change the time of steep front of increase in 
the intensity and therefore, as expected, sudden increase was 
simultaneous on "Venera-2" and "Venera-3". (The period of 
rotation of these probes was much less than the average time). 


Dur ing the November 27, 1965 outburst, probes. ''Venera- 
2" and "Zond-3'' were situated in such a way that the cor pus- 
cular beam in the beginning reached "Venera-2" and then 
"Zond-3"', the velocity of the beam being less than 350 km/sec. 
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An analysis of Fig. 11.5 helps in drawing the following 
picture of the process of acceleration and propagation of 1-5 
Mev protons in the interplanetary space [132]. 


Protons are accelerated on the Sun and move along lines 
of force of the magnetic field, twisted along an Archimedean 
spiral, On November 24, 1965, there was very weak beam of 
protons at the line of force passing through “Venera-2" anda 
beam of very high intensity at the line of force passing 
through ''Zond-3". On November 26, 1965, there appeared a 
strong beam of particles at the line of force passing through 
‘Venera-2"' and "Venera-3", At that very time, much weaker 
beam appeared at the line of force passing through "Zond-3". 
This flare lasted for more than one day and the sudden increase 
on “"Zond-3" on November 27, 1965 can be interpreted as 
transmission of a line of force to "Zond-3" highly enriched 
with protong and leading to November 26, 1965 increase on 
"Venera-2"' and "Venera-3". This gives rise toa velocity of 
220 km/sec of the corpuscular beam. The width of beams 
consisting of 1-5 Mev protons is of the order of 3x1012 cm, 


Let us assume that the minimum of the intensity af cos- 
mic rays, recorded by counter on 'Venera-2" and "Venera-3"' 
on November 24, 1965, is caused by corpuscular beam. Then, 
from the time lag (~ 24 min) of minimum intensity at 'Zond-3" 
with respect to "Venera-2" and "Venera-3", it follows that the 
ave rage velocity of this beam is equal to200 km/sec. On the 
other hand, from the fact that the width of this minimum on 
“Zond-3" is more than that on "Venera-2"' and "Venera-3", it 
follows that the velocity of the beam decreases with time from 
290 to 190 km/sec at width of the beam equal to 1013 cm. Such 
low velocities of plasma have not been observed up to this 
time by direct methods. 


It should be pointed out that the velocities of beams 
obtained in [132] were determined from the pitch of the assumed 
Archimedean spiral. But the structure of the magnetic field may 
not precisely correspond to this picture. The spiral probably 
gets deformed due to nonuniform ejection of particles from a 
given active region on the Sun as well as due to interaction af 
magnetic fibers of the neighboring regions. The possibility 
should also not be eliminated that as the plasma moves away 
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from the Sun, its velocity deviates from the radial direction and 
has a tendency to orient along the magnetic field. In this case, 
the pitch of the spiral will continuously decrease with increase 
in distance from the Sun. This picture satisfactorily explains 
the experimental data on time lag without leading to abnormal 
plasma speeds of ~ 200 km/sec andpermitting the speed of 
300 km/sec or more which was many times observed by direct 
“measurements, 


Fig. 11.6 shows data of two more increases in the 
intensity af protons observed during December 28, 1965- 
January 2, 1966 and January 18-24, 1966. Noticeable duration 
of these two increases compared to the previous ones which 
is possibly related to superimposition of many flares from 
neighbor ing active regions on the Sun cannot be ignored. Signi- 
ficant Forbush-decreases (especially on January 18-24, 1966) 
recorded by Geiger counter on "Venera-2" confirm it. 


By comparing the above-mentioned events of the increase 
it the flux of 1-5 Mev protons during the flight of "Venera-2" 
“Venera-3"' and "Zond-3" probes, it can- apparently be concluded 
that August 16-17, 1965 and December 28, 1965 -January 2, 

1966 events are related to the same active region while Septem- 
ber 29-October 4, November 27, 1965 and January 18-24, 1966 
events, to another region on the Sun ‘which is common for all 

the three events. 


On the basis of the obtained results, S.N. Vernov et al. 
[132] arrive at the conclusion that the Sun generates not only 


high-energy protons but also, very often, low-energy protons 
(1-5 Mev). 


In most of the cases, high-energy protons propagate in 
the interplanetary space by diffusion. As is obvious from 
Figs. 11.3-11.6, time dependence of the intensity of 1-5 Mev 
protons sometimes differ much from that for diffusion process, 
Thus, at least near the minimum solar activity, 1-5 Mev, 
protons propagate in the interplanetary space along the lines of. 
force. This conclusion is confirmed by the measurements of 
Bartley et al. [133] and McCracken and Ness [134] who showed 
that the angular distr bution of protons with §&, = 7.5-45 Mev 
i8 anisotropic and their velocities are usually directed away . 
from the Sun, 
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If the corpuscular beam has magnetic field whose lines 
of force extend up to the active region on the Sun, low-energy 
protons generated in this region freely move in a spiral along 
the lines of force of the magnetic field. Thus, the corpuscular 
beam creates some tunnel along which comparatively low-energy 
protons can leave the Sun and attain regions situated at signifi- 
cant distances frorn the Sun. 


This assumption is confirmed by the data obtained by 
Fan et al. [135] in 1964 onthe satellite "Explorer-18" 
("IMP-1"), The increase in the intensity of low-energy protons 
was recorded on this satellite every 27 days during many succes- 
sive revolutions of the Sun which points out the continuous dis- 
appearance of these protons from one active region of the Sun in 
the corpuscular beam. However, experimental results obtained 
by S.N. Vernov et al. [132] allow one to assume that the 
emission of protons often lasts for less than one revolution 
of the Sun. Obviously, the active regions do not always 
generate protons or create conditions for their exit from the 
source periodically (and sometimes, for a long time). 


With the aid of satellite "IMP-1" Fan et al. [135] In 
1964 conducted measurements on beams of protons with Ey >1 
Mev during six consecutive 27-day intervals and each of the 
beams was observed for a few days. The energy spectra of 
protons was measured at the beginning and at the end of appear- 
ance of the beam. In the same beam, particles with spectrum 
of the type~ &,.~4 in the energy range of 2-30 Mev/nucleon were 
detected. Data of the satellite "OGO-1" [135] camfirm the 
fact that beams of protons and a-particles were observed not 
only within the regions rotating along with the Sun but constantly 
exist in the interplanetary space (with lesser intensity and other 
spectra) for 2.5 months. Possible mechanisms of continuous 
acceleration of protons and a-particles are discussed in [135]. 
Description of the apparatus installed on 'IMP-1" was published 
by Fan etal. [136] earlier. 


At present, there are direct proofs of the fact that the 
interplanetary magnetic field changes the direction and incr eases 
in intensity almost at the same time when a beam of low-energy 
protons appears, Wilcox and Ness [137] discovered that regions 
of intensified magnetic field appear simultaneously with a change 
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in its sign, Fan etal. [135] show that there are always proton 
beams in the interplanetary space which rotate along with the 
Sun independent of the direction of the field. 


Differential spectra of protons obtained in the end of 
1963 [135] are shown in Fig. 11.7. It is seen that spectrum 


in the leading part of the beam is more rigid wé, 4) than in 
the lagging part (~&, ~~). 
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Fig. 11.7. Spectra of low-energy protons from the data of 'IMP-1"'in 
December 1963: 


1 - in the leading part of the beam; 2 - in the lagging part of the 
beam. 


The spectra of helium (a-particles) from Galaxy for 

b> 7 Mev/nucleon were studied by Fan et al, [135] on the 
satellites "IMP-1" and "IMP-2",, It was discovered that in- 
clination of the spectrum changes Sign at &,.% 20 Mev/ 
nucleon. This indicates the presence of an additional flux of 
helium at low energies and that the appearance of this flux 
possesSses a 27-day cycle, A telescope, facilitating recording 
of protons and helium nuclei with Ei 1-35 Mev/nucleon in 
the presence of cosmic ray back-ground was installed on the 
satellite “IMP-1" [135]. 
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Although the amplitude of 27-day variation was very : 
small in the end of 1964 (minimum Solar activity), Fan et al. 
[135] could ascertain this variation many times and also during 
October 18-19, 1964 event. This period too is characterized 
by changes in neutron intensity (from the data on ground 
monitors) and increase in the flux of protons with é k27 1 Mev/ 

- nucleon (from the data of "IMP-Z2"), The spectra of protons 

( eS ) and helium nuclei ( € 72-2) on October 19, 1964 

are shown in Fig. 11.8. Similar spectra were also obtained 

on November 16-17, 1964. For comparison, the spectrum af 
helium nuclei ( 6 ,o 88) in primary cosmic radiation, measured 
‘on Satellite ''OGO-1I" is shown in Fig. 11.8. In all, five simi- 
lar events were recorded. These results along with the data of 
*“IMP-2" show that helium nuclei are related to beams of — 
protons in the regions rotating along with the Sun. 
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Fig. 11.8. Spectra of protons and low-energy 1-particles on October 19, 1964 
from the data of 'IMP-1", "IMP-2"and '0GO-1": : 
1 - protons; 2 - low-energy %-particles; 3 - a-particles of 
galactic cosmic rays. 


Judging from “IMP-1" data, there are no low-energy 
protons in between these regions. However, subsequent 


measurements on “"OGO-1" showed that beams of protons and —| 
particles of very low intensity were always present in the inter- 
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corded by "IMP-1" instruments as a weak background. The 
Spectra of protons ( €,,.76) and helium( & 7) for the quiet 
period on December 16, 1964 are shown in Fig. 11.9 as an 
example. A similar picture was observed in all the 16 cases 
of measurements during the period October 15-December 15, 
1964. 
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PSS 


GES! 3:59 nag 
gy, Mev 


Fig.11.9. Spectra of protons and low-energy a-particles in December 16, 
1964 from the data of "OGO-1"': 
1 - protons; 2 - -particles. 


If protons inthe rotating region haye the spectrum with 
¥~3.5, then Y~ 5-6 outside this region and the intensity of 
particles in the latter case is cignificantly low. On the other 
hand, index of the spectrum in the rotating regian and outside 
it changes only from 2 to3 for helium. Thus, whole of the 
obtained data Is satisfactorily descr ibed by the spectrum of 
the type &)-Y where y is measured in Mev/nucleon. 


The presence of low-energy helium component in the 
interplanetary space, which, with the passage of time, is corre- 
Jated to changes in the spectrum and intensity of low-energy 
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protons, convincingly confirms that the origin of these compo- 
nents is the Same. The question arises whether they have 
galactic origin or appear in the solar system? In this connection, 
attention is drawn to the fact that, according to Fan et.al. 
[135], on about December 1, 1964, the flux of helium nuclei of 
galactic origin in the region of very low energies increased 

by about 1.5 times. Oh the other hand, it may be seen from 
Fig. 11.9 that significant increase in the flux of helium 
nuclei with €, = 1-30 Mev/nucleon was not observed during 
‘October-December 1964 (quiet period). This can serve as an 
argument against diffusion of a-particles from the Galaxy. 


The possibility of acceleratio of particles in the solar 
System appears to be more probable: either near the Sun in 
the regions with strong magnetic field or in the Interplanetary 
Space in the rotating structure of the field or in the region of 
interaction with irregular magnetic fielde beyond the limits of 
the Earth's orbit. 


The particles accelerated in these processes by diffusion 
and convection gradually fill the solar system and go out in 
the Galaxy. The changes, observed with the passage of time, 
in the intensity and spectrum of protons and helium mu8t be 
defined by the properties of the "source" which mmst be suffi- 
ciently powerful to retain the dynamic equilibrium of the 
particles in the solar system during the minimum solar activity. 
In this connection, it may be interesting to study the operation 
of this source in the period of high solar activity and its ability 
to generate particles with €,} 2 100 Mev/nucleon and spectrum 
similar to one observed in 1961 by Vogt [138] in the range of 
80-300 Mev/nucleon. 


It is also significant to explain the reason why there [s 
no increase in the flux of protons and helium in the regions 
(which are identified on the basis of direct measurements of 
magnetic fields and plasma or from the data on modulation af 
cosmic rays) rotating along with the Sun. Moreover, the 
existence of stable space structure of proton beams helps in 
assuming the possibility of continuous disappearance. of protons 
along magnetic channels from the Sun. In view of this, the 
assumption of solar acceleration of the observed particles 
is more preferable. 
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11.2. Possibility of accumulation of solar particles in 
the interplanetary space. Due to scattering at irregularities 
of the interplanetary field, the average holding time of solar 
particles in the Solar system during high solar activity in- 
creases toa few days. Ik is obvious, for example, from the 
data of stratospheric and riometric observations. 


Sinee, during high activity, the interval between flares 
generating cosmic rays, is considerably less than the holding 
time of particles in the interplanetary space, there will be 
accumulation of low-energy protons and nuclei. High-energy 
particles will be retained for a very short period due to high 
diffusion coefficient 2% since the holding time ~ If / 
where L denotes the system dimensions. The mean free 
path for scattering of particles and average interval between 
flares increase with a decrease in the activity which must lead 
to a significant decrease in the intensity of solar particles in 
the interplanetary space. 


“Thé Spiral type quasiregular magnetic field can play a 
great role in holding the particles in the solar system; The 
presence of such a field beyond the Earth's orbit (where the 
tanegntial component of the fleld js significant) leads to the fact. 
that the solar particles exit, trahsverse to the magnetic field, 
and the. characteristic exit fime increases. to tens af days. 


Data, obtained by Meyer and Vogt [139] can serve as an 
indication to the fact that the fraction of captured solar particles 
in the range €, < 300 Mev is significant Measurements 
on €,2 80 Mev protons were conducted during six balloon 
flights in July-August 1961 at ‘geomagnetic latitudes > 73°N. 

A comparison of the obtained data with the results of 1960- 
measurements shows that 1) there is always a significant flux 

of low-energy protons in the primary cosmic radiation during 
the years of high solar activity; 2) if the flux of galactic cos- 
mic rays in the region of low energies (particularly in the regia 
of maximum spectrum ~ 400-600 Mev): increases (by 20-30% , 
during 1960-61 which is in agreement with other experimental 
data) with the decrease in the solar activity, the flux of ey < 
200 Mev protons, on the other hand, decreases with a dececase 
in solar activity (by about 30% dpptmp the same period). Kk 
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follows from this that the proton beams, observedeim [139], 
have solar origin. 


In principle, these protons could have been generated 
not by chromospheric flares (and later on, held in the Inter- 
planetary space) but continuously as a result of some accelera- 
tion processes in the chromosphere or in the corona of the Sun 
(and in this case, capture of particles {a act a must). If the 
first cause is the main one, the spectrum of constant bearn of 
solar protons must be softer than that of protons emitted during 
flares; if continuous generation of protons is the basic cause, 
then the spectrum of captured protons can have no relation 
whatsoever with the spectrum of protons from flzres, 


July 22, 1961 measurements gave the differential 
Spectrum of the form vé,~-4 (after July 18, 1961 solar flare 
which had increased the intensity of cosmic rays even on the 
Earth's surface), the July 27, 1961 measurements gave the 
spectrum of the form~ 6472-5 and August 1,6 and 8, 1961 
measurements gave the spectrum &};~“ (stable beam of trapped 
protons had an intensity of about 1.2x104 &~ proton.mé.. 
sec], sterad-), Mey~}), 


What is the reason that with the passage of time, the 
Spectrum becomes not softer as is expected in the case of 
generation of particles during flares and propagation by 
diffusion mechanism but, on the other hand, becomes more 
rigid? This can be explained by the presence, in addition to 
the diffusion, of convection of particles from the Sun due to in- 
erease in the radial distance of irregularities from the Sun 
(according to Section 14.9, the lesser the energy of particiea, 
the greater will be the role of convection) or by the significant 
decrease in the inclination of the spectrum of particles, 
generates during flares, on transition to lesser energies (see 
Section 8.1). Nevertheless, the above-mentioned results do 
not eliminate the second alternative that the trapped protons . 
are continuously generated by the Sun and that their spectrym 
can be much more rigid than that of protons during flares. In 
this case, it is possible that, a8 a result of this continucus. 
generation, the Sun gives a more o¢? se constant flux of 
protons and thet the observed decrez: * in their intensity with 
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a decrease in solar activity is related to weakening of scatter - 
ing in the interplanetary space. 


Very important results were obtained by Stone [140] 
fromthe December 13, 1961 measurement data on low-energy 
protons. Measurements were made with the help of a counting 
telescope with nine crystal diode detectors aboard the satellite 
"Discove rer-36" having polar orbit (launched at 2202 UT on 
December 12, 1961; inclination of the orbit to the equatorial 
plane 81.21°; period of revolution 91, 82 min; height at perigee 
241 km and at apogee 489 km). The equipment facilitated 
separation of protons from “-particles in the energy range of 
10-250 Me vfnuc leon, 


The results of the experiment were very limited due to 
many drawbacks in the operation of satellite transmitter. 
Nevertheless, reliable data were obtained for December 13, 
1961 flare which were in conformity with the results [139] for 
80-130 Mev range and which showed the presence of protons 
with energies right upto 10 Mev. The intesnity of protons in 
the range 10-85 Mev was ~ lm~2 eec"|. sterad~{Mev-l. This 
value is much less than the flux which can be obtained by--. 
extrapolating in the low-energy range of spectrum of the form 
&,~* observed by other research workers [139; 1.23] at. 
&_ = 90-200 Mev. : 


Thus, the spectrum of 10-85 Mev protons during quiet 
periods is more plane thané, "4, able 11.3 shows the data 


: Considering the possibility oj existence of low-energy background, 
Parker [1.61] solved the diffusion equation for the. quasistable case (i. e., 
on the assumption that the particies are generated by the Sun either conti- 
nuously or sporadicaliy but very often, with constani intensily). According 
to [1. 61], the average rate of generation of particles on the Sun ai te= 
5x10°] cm2/sec must be ~ 2x‘075 particle/sec which corresponds to a 
liberation of energy ~ 4x1021 evg/sec. Intensity of 80-350 Mev protons, 
recorded by Vogt [138] was 0.02 particle.cm~4. sec"! sterad”! which 
corresponds to a concentration of 2x10-14 em~3, Taking the average life 
of particles in the solar syster: io be equal to 10 days, Vogt [138} found 
1020 erg/sec as the approxim:» value of ihe rate of liberation of energy. 
During observations from July ... September 1960, the average number of 
Cias. I fleres on the visible side of the Sun during one day was ~ 6 and of. 
class 2 flares, nearly 0.4. if iu. fiz > 7 the invisible side of Sun appear 
at the same frequency of about 0.142107" sec~! (me flare every 730 
sec) and if during every flare, particles. en an average, liberate energy 
of abst 21025 erg, we get th: abeom « cvastant background of low- 
s4ergy particles. 


oh 


L.1, DORMAN AND L.1, MIROSHNICHENKO | 


O71T 9728 


208° 


09- 
‘ost 


OFZ 


“OF- 
09400 t 


0° 
yh 6 


: 40, 
T° +1400 
8'I-,. 
seat - 


€° i or 
- 4? 1. 


tr42W *"_peze7s 


Ul ‘Az 8 UezUY 


go[o}azed-o 


guojol gq 


401}991109 Ieejonu 10; 
Jeo1ajewi0eH sU0}}991I0D 


S8U0}}I CIO! 


91 08<. 


8 09s<. 


L S21.- 09 
38s. 09 a4 
(2 L2.7 8T 


if et - It 


suo}zeVAIesqo §=©—«- WoeTONU/ AD 
jorequnN _ ‘ABr0uq 


” 


fort] .9¢-20710A0081q,, 


ay} UO Speul SZJUSUIOINS Poul JO Siseq 243 UO S9T>2}72ed AB19Ua-MmOT UO FFE 


€°ll ATa&VL 


212 


SPECTRUM, COMPOSITION AND FLUX VARIATIONS 


obtained in the polar region ( 65°) over which the satellite 
passed after 1518 seconds. 

From the emulsion measurements on ballens over 
Churchill on July 8, 1961, Fichtel and Guss [141] and Fichtel et 
al. [42] obtained the intensity of %-particles I (>100 Mev/ 

nucleon) = 205 +t 11m~2.se¢ -l.sterad-! and 1:(7600 Mev/ 
nucleon) = 151 ¢11m-~2 sec”! sterad-!. In both the: cases, 
measurements were preceded by at least 10-day periods of. 
zero solar activity, Solar activity before Stone's observations 
[140] was also very low and therefore, the reasonable coincide- 
ence of all the three measurements strenghtens the reliability 
of data obtained in [1 40}. 


On December |, 1961, Bryant et al. [119] recorded a 
recurrent beam of low-energy protons. All the geophysical 
effects associated with this ended by December 4. No solar 
radio outbursts were observed during the next 10 days; the 
number of solar protons was very low and only 6 small 
chromospheric flares were abserved. Thus, protons observed 
on December 13, 1961 correspond to the quiet beam. 


‘The spectrum of low-energy protons, obtained by Stone 
[140] on December 13, 1961, is shownin Fig.1].10, Inthe 
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Fig. 11.10. Spectrum of December 13, 1961 low-energy prowess in compari- 


son with results of other measuyements. Differentiai spectrum 
of galactic cosmic rays ts show by dotted line. 
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same Fig. are shown the spectra for higher energies obtained 
by Meyer and Vogt [139] on August 8, 1961 and By Bryant et al 
[123] in August,1961 with the help of counting telescopes as well 
as spectra of Fichtel and Guss [}41] obtained on July 8, 1961 
from the data of photoemulsions. All these data refer to 
periods which were not precéded bylarge solar flares. Results 
‘of counter measurements in the region of high energies are 
similar to each other but differ from the results of emulsion 
measurements. 


Important results on protons with &,= 80-200 Mev 
were obtained by Freier and Waddington [142] from the data of 
emulsion measurements on balloons over Churchill on August 
26, 1960. The upper limit 53 + 6 m~2 sec) sterad7! of the 
intensity of protons on this day significantly differs from the 
measurement results of Vogt [138] who on August 22 and Sep- 
tember 15, 1960 observed a proton beam with intensity of 
about 121 +6 m-2,sec~! sterad”!. Vogt [138] also conducted 
observations in stratosphere over Churchill but a sodium 
iodide crystal served as the detector of particles inthis case. 


The differential spectra df protons obtained in 1960 
by Vogt [138] and Freier and Waddington [142] are shown on 
Fig.11,11, a, The light symbols show the data of photo- 
emulsions while the dark symbols show the results of counter 
measurements. It is very important to mention that the value 
of the intensity obtained from emulsion data is actually the 
upper limit since the intensity of secondary protons, formed in 
air Over the detector, was not subtracted from the measure - 
ment data. In this connection, Freier and Waddington put 
forward the suggestion that the decrease in the.intensity of 
low-energy protons, observed in a number of experiments 
after 1960, was caused not by a decrease in the primary flux 
of these protons but only by the introduction of correction 
for secondary particles. 


All the. published results on the measurement of flux- 
of low-energy protons during the years 1961, 1962 and 
1963 are given in Figs.11.11, b,c andd. The results of 
Meyer and Vogt [139] Fichtel et al. [142], Bryant et al, 
(I. 23] and Stone [140] are represented in Fig.11.11,b. 
Fig. 11.11,c¢ gives the measurement data of Meyer and Vogt 
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Fig. 11.11. Differential spectra of low-energy protons from measurements 
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a - 1960; b - 1961;.c - 1962; d - 4963. 


25, 


L.I. DORMAN AND L,I. MIROSHNICHE NKO 


{143], Fichtel et al. [144] and Brunstein [145], The results 

of Meyer and Vogt [143], Ormes and Webber [146], Freier 
and waddington [142], Fichtel et al. [144] and Balasubrahman- 
yan and McDonold [147] are shown in Fig.11.11,d. 


It may be seen from Fig.11.11 that high flux of protons 
with § < 150 Mev, confirmed by Vogt in 1960 and 1961, was 
not recorded in any of the experiments except by Stone [140] 
in 1961, The four points obtained by Stone represent the sum 
of 12 particles and therefore, in the opinion of Freier and 
Waddington [142] the problem of separation of primary protons 
from the secondary ones cannot apparently be solved with the 
help of statistics. 


Thus, the problem of the possibility of accumulation of 
low-energy protons in the interplanetary space up to this time 
remains unsolved. However, there is no doubt that some back- 
ground of protons with energies of the order of tens of Mev 
and less can exist in the interplanetary space. It is evident 
from the data of numerous direct measurements on rockets 
and satellites (see Section 11.1) even during periods close 
to minimum solar activity*. 


B.M. Vladimirskii [148] gives interesting arguments in 
favor of the assumption about solar: origin of the flux of 
particles with &, <¢ 200 Mev, detected by Vogt [138] and Meyer 
and Vogt [139]. In this connection, it is first of all, appropriate 
to mention the following. 


During the study of effects of solar flares in cosmic rays, 
it was believed that there exists a special class of "proton" 
flares accompanied, during their development, by acceleration 
of protons and nuclei to high energies. According to this point 


“At the international symposium on solar activity (Budapest, September 
1967, M. Pick [V.189] reported the data on protons with €&, = 0.6-I3 
Mev and & > 50 Mev recorded in the interplanetary space by probes 
"Pioneer -6 ‘and. "'Pioneer-7" in 1966. In 1 519 Mev rangg, gtifferential 
spectrum of protons was of the form 0&2. and €, @:° on August 27, 

1966 and August 20-23,1966 respectively ('"Pioneer-7'). According to the 

data of "Pioneer-6", the spectrum of protons with energy 10-100 Mev in the 

perigd 1591-1916 UT on March 20, 1966 was of the form D( E,) = 1.8107 
Ep ; 


m~” sec-{ sterad-1 Mev-!, 
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of view, the remaining solar flares are not associated with 
emission of solar cosmic rays. However, numerous experi- 
ments conducted by different authors showed that the boundary 
between these two groups of flares is more quantitative that 
qualitative. Onthe other hand, much progress in the 

obse rvational methods (in particular, riometric observations) 
and more detailed analysis of previous data pointed to a clearly - 
observed tendency of widening the class of "proton" flares 

due to more and more weaker effects. 


Recently, it became clear that some of.the effects could 
not be recorded on the Earth even with the aid of ionospheric 
observations inthe polar cap. Moreover, some of the flare 
effects could have been masked by modulation processes in the 
solar system. Due to this, the class of "proton" flares should 
be wider. Insufficiency of experimental data on small effects, 
for the first time detected in 1954 by Freier [I.7], did not 
facilitate their comparison with large effects. Due to this, 
the spectra of particles, responsible for small effects, appeared 
to be cut off near €;,~108 ev which differentiated these effects 
from large increases usually accompanied by powerful polar 
absorptions, 


As already mentioned, measurements made by Vogt 
[138] during previous years pointed out a stable beam of 
particles with €; £200 Mev which was not of galactic origin. 
These results aye confirmed by the measurements of Stone 
[140] and Bryant et al. [I. 23]. B.M. Vladimir skii [148] 
tried to substantiate the assumption that this stable constant 
beam is the "tail® of the energy spectrum of particles from 
small increases, 


According to the estimates of L,I. Dormanand E.V. 
Kolomeets and G. A. Sergeeva [150], the spectrum of particles 
during small outbursts in 3-20 Gev range does not significantly 
differ from the spectra of large outbursts. It has been 
established for most of the cases that the spectrum is diffused 
in the region of low energies. 


Let us show that flux of particles from small outbursts 
should be practically constant for &€,<200 Mev. It has been 
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¢stablished that small effects of the outbursts are apparently 
related to all the flares which are accompanied by the short- 
lived effects in the D- -layer of the ionosphere observed at 
medium latitudes (see Section 5). According to Hachenburg 
and Kriiger [150], 70-80% of class 2 flares and about 20% 

of class 1 flares are accompanied by Delinger effect. The 
frequency of such events during Vogt*s measureme nts {138] 
was one flare every 16 hours. Moreover, according to Biswas 
et al. [I. 24], the exponential law of decrease in the intensity 
with time constant equal to 22 + 2 hours for &,<200 Mev 
protons can be used for the measurement period [138]. 

Then the intensity after any effect decreases by not more than 
50% before the beginning of the next effect. If there exist 
‘such flares whose spectrum is not diffused in the relativistic 
region, the fluctuations will of course be still smaller, The 
average spectrum of this type of particles must be similar 

to the spectrum observed about 16 hours after the commence - 
ment of a large increase. 


Fig. 11.12 shows the dependence of characteristic 
rigidity Ro on time for the flares on February 23, 1956, 
July 16, 1959, May 4, 1960, November 12 and 15, 1960 
and on July 18, 1961. The spectrum in this case has the 
form (8.8); values of Ro are taken from the work of Freier 
and Webber [6] while the time along the ordinate is counted 
from the time of be ginning of the outburst at sea level. If 
the data of Vogt [138] are repre sented ina gimtlay "ways 
we get dI/dk = 8,2 exp (-R/180)[m~2 sec”! steraa™! . My"), 
The value Rg = 180 Mev is marked on Fig. 11.12 by a cross. 
It may be noticed that the position of this point satisfactorily. 


B® Mv . 


a iy rs eae 
: : hour. 


Fig. 11.12. Dependence of characteristic Figidity Ry of the spectrum of solar 
comic rays on time, counted ‘om the beginning of the effect at 
sea level, The value R, Q My is marked by a cross. 
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corresponds to the adopted average frequency of the flares 
(1/16 hour“). 


The existence of a constant flux of protons in the energy 
range under reference must lead to the presence of constant 
additional ionization in the polar ionosphere. Such an effect 
was actually detected by Gregori [152]. Calculations given by 
B.M. Vladimirskii [148], for the profile of electron concent - 
ration corresponding to the above -obtained spectrum, give 
large deviations from Gergori's experimental data [152] (see 
Table 11. 4)< 


TABLE 11,4 


Comparison of calculated [148] and measured [152] electron con 
centration in polar ionosphere 


Altitude, km no(p) [148] ng (pta) [148] n, [152] 
80 130 160 2 
85 100 130 55 
90 80 110 100 
100 35 50 200 


The calculations [148] were made for the case when the 
beam of solar particles consisted of only protons as well as for 
the beam containing % -particles. The accuracy of calculations 
corresponds to an error of about t 50%, ‘The accuracy of 
Gre gori's experimental data [152] is apparently even lesser, 
Thus, based on the given analysis, it is not possible to answer 
the question as to whether the continuous beam .of-solar comic 
rays is the main source of ionization in D-layer of the polar 
ionosphere at night and as to whether the ionospheric data 
can be used as an indicator of this beam. 
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Determination of nuclear composition of the beam of 
particles at rigidity less than 0.6 Gv is very important for- 
the study of the effects of small increases, However, all the 
spectra of &-particles in 1957-58 were obtained after strong 
solar flares and therefore, it was impossible to conclude 
about the constantly existing beam of “-particles on the basis 
of these measure ments [148]. 


A significant role of solar component should be expected 
in the observed charge distribution at high energies (R€1 Gv) 
especially of rare nuclei, It can be illustrated on the example 
of He? isotope which, as assumed, was detected recently in 
galactic cosmic rays. As mentioned above, a significant 
concentration of He? nuclei was detected by Schaefler and 
Zahringer [I. 56] for November 12, 1960 flare and the ratio 
He”: p~ 0.1. If such a concentration of He? isotope is consi- 
dered to be typical of flares and if the spectrum obtained in 
[148] is extrapolated to R=1 Gv, the intensity of the beam from 
the Sun will be ~ 3.3x1073 m72,sec~1 sterad~1 Mv7!, On the 
other hand, at the same rigidity and basing on the He2/{He>+He*) 
~0.2-0. 3 (Apparao [153], Foster and Malvey [154]) and 
intensity of “ -particles (Engler et al-[155]) we get the value of 
(844)x1 073 m2, sec-l,sterad“}Mv=!. This rough estimnate shows 
that it is not at all eliminated that the whole of He? inthis 
region of spectrum is of solar origin. 


It can thus be concluded that the flares, responsible for 
small effects of the outburst at sea level, can be taken as very 
weak "proton" flares. The following argument can be cited 
in favor of this conclusion, It was established that, on an 
average, there is a rough proportionality between the value 
of flare effect, power of radio emission in the centimeter 
range and intensity of X-ray on radiation. But the frequency 
of distribution of these effects according to power monotonically 
increases on transition to weaker effects. For example, 
according to Takakura [156], amplitude distribution function 
of radio emission A= 10 cm hasthe form A ( > 1) = KI 9-75, 
The distribution of X-ray radiation according to frequency can 
be represented ina similar way. It is natural to assume that 
the distribution function of flares according to th#”number of 
accelerated protons and nuclei is a characteristic feature of 
most (if not all) of the chromospheric flares. 
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Small effects of increases in the intensity of cosmic 
rays after chromospheric flares were till recently studied in 
the region 2Gev. The study of weak effects inthe region of 
low energies also is obviously of interest. 


By analyzing the effects of flares of = class 1* from the 
data of stratospheric measurements over Murmansk during June 
1957 -June 1964, B.M. Vladimirskii [157] detected an increase 
of 3-4% inthe intensity of protons (the effect was also observed 
at the latitude of Mirny). The observed effect in the region 
of low energies was foretold by L.I. Dorman ([1.1], Section 
21). The amplitude of increase ~ 3-4% corresponds‘to the flux 
of about 0.6 cm™2 sec”! of the particles with &,7100 Mev. Such 
a value of flux corresponds to the average interval of time 
4,5 hours after the commencement of solar flare and is 
apparently the maximum. Since the intensity after attaining: the 
maximum for this energy range decreases with time constant 
To @ 22 hours (which is comparable to the frequency of class it 
flares in 1957-59), it was concluded in [157] that there should be 
a constant, although intensly fluctuating, flux of solar comic 
rays during the period of maximum activity. This conclusion 
is the indirect proof of the results of measure ment [138, 139] 
and their interpretation. Apparently, cosmic rays are generated 
in practically all the cases during small flares. It is important 
to mention [157] that the mean free path spectrum for absorption 
of protons, giving rise to smalleffect, was similar to the 
spectrum observed after large flares, for example on May 4, 
1960. It testifies to the similarity of integral energy spectra 
of solar particles for effects of both the types. 


12. SOLAR FLARES AND LUMINESCENCE OF THE MOON 
AND THE MERCURY 


12.1 Luminescence of the Moon, On the night of Novem- 
ber 1-2, 1963, Kopal and Rackham [158] at Pic du Midi 
Observatory (France) obtained photographs of the Moon from 
which two instances of intensification of red radiation of a large 
portion of the lunar surface near the Kepler crater were detected. 
This portion occupied about 1/60th part of the lunar surface 
and the radiation intensity in red light was more than the bright - 
ness of the remaining surface of the Moon by 86+ 3%. Itis 
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about ten times the luminescence effects observed at any other 
place on the Moon by other research workers. 


The observed phenomena are of great interest for 
scientists studying the problems of cosmophysics. It is well 
known that the Moon is subjected to the action of visible, 
ultraviolet and X-ray radiation of the Sun and is also bombarded 
by galactic cosmic rays and high-energy solar particles. Its 
surface is not protected from external action by the atmospheric 
layer and therefore, it can be expected that the Moon will 
luminesce. 


Such an assumption was for the first time put forward 
by Czech astronomer F, Link in 1946 who, on-the above basis, 
tried to explain the apparent surplus radiation inthe region of 
the Earth's shadow on the Moon during some lunar eclipses. 
He attributed this radiation to the effect of ultraviolet radiation 
of solar corona or to the action of high-energy charged 
particles which move from the Sun along bent trajectories. 
These two types of radiations are subjected to the "shadow 
effect" of the Earth to a much lesser extent than the visible 
solar light. 


During the last part of fifties, N.A. Kozyrev in the USSR 
and J. Duby in France obtained spectroscopic proofs of the 
lunar luminescence. The observation method was borrowed 
by them from Link and they detected, among the dark lines of 
the reflected solar light, lines of lunar origin onthe spectro-~ 
spectrograms, N.A. Kozyrev in 1961 put forward the 
hypothesis about the existence of active volcanos inthe region 
hypothesis about the existence of active volcanos in the region 
of lunar craters. Recently, most-detailed measurements were 
made by Greindzher and Ring at the Asiago Observatory (USA), 
They showed that the liminescence goes up to 10% of the inten- 
sity of solar light in the ultraviolet line of ionized calcium. 


The laboratory experiment of Derkhem and Jack 
(Manchestor, England) is closely related to these measurements 
in which they subjected a typical type of meteorite to proton 
bombardment inan accelerator. Inthis experiment, a bright 
illumination was observed in a wide range of wavelengths 
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near 6700 4 (red line). The possibility is not eliminated that 
a similar illumination can be observed at different sections 


of the lunar surface where there is ac cumulation of meteoritic 
substances. Apparently, these accumulations snould be 


expected in the region of lunar craters formed due to the falling 
of big meteorities. 


How to explain the phenomenon observed by Kopal and 
Rackham ? First of all, the assumption about the internal, 
lunar origin of the observed effect should be rejected. The 
huge area with high brightness and small duration of the 
effect (~ 15-20 min) would require a high speed of propaga- 
tion of every disturbance along the lunar surface. As suggested 
by Kopat and Rackham, solar activity can be the only cause 
of the observed phenomenon. 


Among other appearances of solar activity on November 
1, 1963, two small solar flares were observed in the same 
active region with he liscordinates of 0°N and 25°W during 
1356-1407 and 1545-1605 UT respectively. The interval 
between these two flares (about 2 hours) approximately 
corresponds to the interval between two increases in red 
radiation inthe region of the Kepler crater. The effects on 
the Moon were observed about 8.5 hours after the flares on 
the Sun, i.e., the effect of X-ray radiation of these flares 
is absolutely’eliminated. It remains to suppose that the 
illumination was caused by the solar corpuscular radiation 
of concentration 500 cm~>, propagating at a speed of about 
5000 km/sec. It corresponds to energy density of about 19711 
erg/cm3. 


Going beyond the framework of Kopal and Rackham 
observations, it should be mentioned that excitation of red 
illumination of the lunar surface can also be expected during 
sudden increases in the intensity of solar cosmic rays. As 
mentioned in Chapter II, the energy density of solar cosmic 
rays in different cases is 1079 erg/cm3, i.e., about 100 times 
the above -obtained value. Moreover, owing to propagation 
of solar cosmic rays by diffusion, the "shadow effect" of the 
Earth during lunar eclipses will not have a significant effect 
on their intensity at the Moon's orbit. Due to the same 
reason, the effect of solar flares can apparently be observed 
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when.the Moonis incomplete. It will be of interest to record 
illumination of lunar surface at new Moon. The particles of 
very low-energies can reach the lunar surface since the Moon 
does not have significant magnetic field and is devoid of 
atmosphere. It follows from this that the effect of solar 
flares can be ascertained from the observations on lunar 
surface even in cases when the solar particles of not very 
high energies fail to reach the Earth due to inclined effect 

of the geomagnetic field and due to absorption in the Earth's 
atmosphere. 


Intere sting effects should also be expected when the 
Moon is enveloped by solar corpuscular beams which give rise 
to geomagnetic storms, polar auroras and other geophysical 
phenomena. 


Thus, if the observations of Kopal and Rackham get 
further confirmation, new possibilities will open before’ 
research ‘workers of .cosmic space for qualitétive and 
quantitative correction and widening of modern conce pts about 
the nature of processes onthe lunar surface on the Sun and 
in the interplanetary space. This method of investigation will 
be very effective in organizing a systematic "lunar service" 
with the help of the world network-of observatories or artificial 
satellites of the Moon, especially, during the years of high 
solar activity. 


12.2. Possible effect of lumine scence of the Mercury. 


If the luminescence is caused by solar wind, it is also of interest 
to study the other bodies in the solar system (for example, | 
Mercury) which just like the Moonare not protected by atmo- 
sphere. 


The fluctuatations in the brightness of different sections 
of the Mercury surface were detected in 1935 by Antoniadi who 
considered the darkness visible on the surface of the planet as 
a result of variations inthe cloudy cover. Onthe basis of 
numerous observations with the help of 33" Medon reflector, 
Antoniadi arrived at the conclusion that the density and extent 
of clouds change with a change in the distance of the Mercury 
fromthe Sun. The changes probably attain the maximum value 
at the perigee and minimum at apogee. 
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The 55 + 5 terrestrial day period of rotation of the 
Mercury, obtained by Pettengil and Dyce [160] gives rise to 
certain doubts about the long-duration changes described by 
Antoniadi since his conclusions were based On the assumption 
of 88-day period. Even in 1935, Antoniadi [159] drew attention 
to the fact that the changes on the Mercury take place during tens 
of hours and that it cannot be explained only on the basis ofa 
shorter period of rotation. Other observers also mention short ~- 
duration changes in the brightness on the Mercury surface. 


During the years 1958-64, Cruickshank [161] made a large 
number of observations on the Mercury with the help of telescopes 
of aperture of 82 inches. Visual observations of the Mercury 
are difficult due to its proximity to the Sun. Nevertheless, the 
results obtained by Cruickshank, in general, confirm that the 
changes in the brightness of certain sections of the Mercury 
surface can actually take place during a few hours or days. 


The great similarity between the Moon and the Mercury 
which was mentioned by many research workers and the possible 
luminescence phenomena on the Moon makes it possible to 
inter pret the changes on the Mercury as the luminescence effects 
of the materials on its surface. 


Good [162] paid much attention to the fact that the flux of 
solar protons near the Earth's orbit depends on the position of the 
Mercury. Cases of arrival of protons to the Earth from solar 
protons were observed more often when the Mercury existed in- 
between the Sun and the Earth and was projected on the Sun within 
the bands with heliocoordinates of 20°N-20°S where the flares 
are more often accompanied by the ejection of a large amount of 
fast protons. Good estimated the magnetic field of the Mercury 
at equator: Hy = 3x1073 gauss which is much less than the 
Earth's field HE~0.5 gauss. As assumed in [162], the magnetic 
field of the Mercury can bend the trajectory of solar protons 
and thus, can increase the number of particles reaching the Earth. 


12.3. Possible mechanisms of lunar luminescence. 
Possible mechanisms of the lunar luminescence, in terms of the 
known sources of excitation and with consideration of energy 
requirements, are studied in detail in the work of Ney et al. 
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[163]. In particular, it is pointed out that such sources as hard 
ultraviolet, soft ultraviolet scattered by the Earth, solar wind, 
tail of the Earth's magnetosphere and solar cosmic rays should 
give rise to illumination of the same order. Galactic cosmic 
rays play a smaller role in luminescence. 


Regarding observations of Kopal and Rackham [158], 
the authors [163] mention that the interference filters used 
in [158] are characterized by nonuniformity of transmission of 
image from the center tothe edges. This fact is significant for 
observations [158] since the luminescent regions detected by 
Kopal and Rackham are on the corner of the photographs. It is 
not clear fromthe data published by them if the possible sources 
of systematic errors have been eliminated and therefore, in the 
opinion of the authors [163], the results [158] are not very 
convincing. Ney et al. [163] arrive at the conclusion that the: 
most significant luminescence should be expected on the dark side 
of the Moon and during full lunar eclipses. If the luminescence is 
visible on the illuminated side of the Moon, ultraviolet radiation of 
the Sun must be the only external source. If the mechanisms of 
accumulation of solar energy function on the Moon, there is a 
possibility of thermal luminescence and only spectroscopic 
observations can provide the proof of the reality of lunar 
luminescence. 
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PROPAGATION OF SOLAR COSMIC RAYS IN THE 
INTER PLENETARY SPACE 


The propagation of solar cosmic rays in the interplanetary 
space is analyzedin this Chapter. This process is governed by 
the interplanetary magnetic field which apparently consists of 
two components-- quasiregular and irregular. Relative 
importance of each of these is determined by the energy of 
particles. Irregularities of the interplanetary field mainly 
affect the movement of medium and high-energy particles. This 
effect leads to scattering which can approximately be described 
by different diffusion models. Quasiregular component of the 
field apparently plays the leading role in the region of low 
energies. Motion of a particle along the line of force should be 
explained by the model of the guiding center. If scattering by 
irregularities becomes significant, it becomes necessary to 
resort to more complicated mathematical means. The 
distribution of a large number of particles in space can more 
accurately be described on the basis of the kinetic equation. 


Modern concepts on magnetic fields inthe interplanetary 
space and motion of charged particles are described below 
and diffusion and kinetic propagation models are considered in 
detail. Effect of the properties of the source (generation 
spectrum, duration of emission, heliocoordinates of the flare) 
and dynamics of interplanetary medium (movement of magnetic 
irregularities from the Sun) on space -- time distribution 
ef solar particles is evaulated. 


13. SOLAR COSMIC RAYS AND MAGNETIC FIELDS IN THE 
INTERPLANETARY SPACE 


13.1 Possible role of interstellar field. Attention of 
research workers to this question was drawn for the first time 
in connection with the February 23, 1956 flare. Ehmert [1] 
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assumed that the particles emitted, by the Sun, propagate in the 
intenstellar magnetic field in a specific direction. The 
trajectory of particles was calculated on the assumption that 
this field is homogeneous and directed at an angle @ to the 
Earth-Sun line and that the particles are emitted from the Sun 
isotropically. Particles emitted at a small angle to the field 
are more isotropic, cover lesser path and reach the Earth 
quicker than the particles emitted at a large angle. 


Ehmert finds that, in order to explain the observational 
results, intensity of the interstellar field, homogeneous in the 
region of the solar system, should be of the order of 71077 
gauss and the angle  ~ 30°, while the lines of field should reach 
the Earth from a point with coordinates a = 12 hrs 00 min and 

& =~ 30°N, It coincides with the direction of galactic spiral 
sleeve containing the solar system. Intensity of the field 
amounting to 7x10 ‘ gauss is in agreement with the estimate 
of Fermi and Chandershekar, obtained fromthe data on 
polarization of light from stars. 


However, this picture encounters serious difficulties. 
In particular, even the author himself mentions that the 
measured values of the flux of solar particles in the stratosphere. 
which show that the particles with & = 1-15 Gev reached the 
Earth immediately after the noon and evening of February 23, 
1956, contradict his concept, according to which particles 
with €<7.5 Gev should not reach the Earth. In the opinion of 
the author, the above abservation leads to either Q= 0° (although, 
in this case, there arise some other difficulties) or the particles 
of such low energies are generated in the Earth's surroundings. 


There are a number of other difficulties mentioned by 
Alfven, Gold et al, regarding the work under reference: 


l. Ifthe solar flare appears at that time when the 
interstellar field is perpendicular to the Sun-Earth line 
(for example, as during July 25, 1946 flare), effect of the flare 
should not be observed on the Earth. 


2. Ejecting action of solar corpuscular beams and 
solar wind on the interstellar field must be taken into account. 
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3. Inthe presence of the interstellar field, the 
particles, during the decrease of the flux according to the law 
t~2, should have propagated from a plane and not isotropically 
as was observed. 


A similar model is considered in the work of Cocconi et 
al. [2]. The space between the Sun and the Earth is supposed 
to be filled by uniform magnetic field parallel to the Earth-Sun 
line. The source of cosmic rays here is not the Sun, but a plane 
perpendicular to the magnetic field and situated at the same 
distance as the Sun. Relativistic particles will move along 
spirals and the time of their propagation to the Eartht ~ 8 min/ 
cos @, where @ is the angle between the direction of motion 
ofthe particle and magnetic field. The time t increases with an 
increase in 6 and it can explain the delay of particles recorded on 
the Earth outside the shock zones. The authors [2] consider 
that extension of the Sun's general magnetic field, frozen in 
the corpuscular beams, can give rise to the interplanetary 
field which is close in its properties to the one considered in 
this model. 

Possibly, the question of the effect of the interstellar 
field on the dynamical processes in the interplanetary medium 
and on the motion of particles in the solar system has to be 
reconsidered in the light of new observational data. In this 
connection, attention is drawn by the conclusion of I. 1. 

Pronik's [3] work that the interstellar magnetic field near the 
solar system is not the homogeneous field of the galactic sleeve 
as was considered earlier but has a much complicated structure. 


Interstellar magnetic field in the Sun's surroundings is 
extremely irregular. The field is stretched along the line of 
sight above the plane of the Galaxy in a directien with galactic 
longitude @*~75° and below the plane of the Galaxy in a direc- 
tion with galactic longitude g"~ 15°. Lower and upper fields are 
inclined at 60° to each other. The field is not directed along 
the line of sight below the plane of the Galaxy in the direction 
b“~75° coinciding with one of the directions of the Orionov 
spiral branch, This result is obtained from the data on 
polarization of the star light as well as from the observations 
on the movements of the clouds of the interstellar calcium. - 
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Two systems of magnetic field are observed in the 
Sun's surroundings. Both the fields are far from being plane. 
The pole related to the system of one field is situated in the 
external region of the Galaxy and the pole of the second field, 
in the internal region of the Galaxy, i.e., both the fields are 
not parallel to the plane of the Galaxy. Angle of inclination 
of the fields on different galactic longitudes changes from 
20 to 40-60° with respect to the plane of the Galaxy. 


13.2 Movement of solar particles in the quasiradial 
magnetic field. For a given spectrum of solar particles, 


their propagation from the Sun to the Earth is mainly controlled 
by the interplanetary magnetic-field, 


The study of large outbursts of solar cosmic rays led 
to the concept of the existence of irregularities in the inter- 
planetary field at which the particles get scattered. Subsequent 
investigations on flares and direct measurements with space 
rockets and satellites showed that there is also a weak regular 
quasiradial field in the space between the Sun and the Earth. 
The general characteristics of the interplanetary field can be 
conveniently studied by monitoring solar particles since it has 
a significant effect on the delay, direction of arrival and degree 
of anisotropy of particles. 


Anisotropy of solar particles from ground data. 
Interesting results on anisotropy were obtained by McCracken 


[4] who studied propagation of protons from solar flares in 
November 1960, According to [4], solar protons moved along 
twisted lines of force from a direction in space, about 50° 
towards west of the Earth-Sun line. It corresponds to Parker's 
model [I, 61] for quiet interplanetary field which arises as a 
result of pulling of the Sun's total field by quiet solar wind 

at an average velocity of 3x10° cm/sec. However the direction 
of motion of protons was spread over an angle of about 40° 

which indicates muitiple scattering during their propagation from 
the Sun to the Earth along the lines of force. This scattering 


reveals the existence of irregularities in the regular quasiradial 
field. 


Similar results were obtained by McCracken [4] for 
May 4, 1960 flare. Eight flares recorded by ground detectors 
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and about 30 events detected from the data on absorption of 
short radio waves were studied in this work. The times of 
arrival to the Earth, of solar particles with &= 10-100 Mev 
during large chromospheric flares are investigated. 


In the work of G.F. Krymskii and A.I. Kuz'min 
[5]. The events selected for analysis were obtained from 
absorption of radio waves in the polar caps. The comparisons 
of these events with heliolatitude distribution of 29 flares 
showed that particles from flares in the northern hemisphere 
of the Sun have much lesser delay (6.6 hours) than those from 
flares in the southern hemisphere (14.9 hours). Such an 
asymmetry is also observed from the data on solar particle flux 
at the Earth's surface. Ifthe asymmetry is caused by a 
difference in diffusion of particles, it is necessary to assume 
that the lines of force of the quasiradial magnetic field connect 
the Earth to the north-western part of the solar disk instead of 
the western part. 


. Analysis of July 18, 1961 flare, done by A.I. Kuz'min 
et al. [6] on the basis of the ground data, showed that solar 
particles came from directions making an angle of 50-60° 
with the west ofthe Sun-Earth line. The July 20 outburst, 
caused by the flare on the western limb of the Sun, was 
characterized by significant anisotropy observed as clearly-~ 
marked shock zones on the Earth's surface. 


Deviation of the beam of solar particles towards the west 
of the Earth-Sun line was also observed on the Earth's surface 
for many other flares of cosmic rays. It is important to mention 
that in this case, there is gradual "erosion" of the beam with the 
passage of time till it becomes isotropic. 


Investigations conducted during the past years showed 
that displacement of shock zones mentioned in Section 3.7 is, 
first of all, related to curvature of the interplanetary field due 
to'the rotation of the Sun, Analysis of cosmic ray flares in the 
stratosphere and investigations on polar cap absorption of short 
radio waves also lead to the same result. 


Direct measurements of interplanetary field. The 


measurements on interplanetary magnetic field were, for the 
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first time, made in 1960 by Kopal et al. [7] with the help of the 
satellite "Pioneer-5" (also see the work of Greenstadt [8]). 

By the same satellite, Arnoldy et al. [9] recorded the April 1, 
1960 flare of cosmic rays whose analysis showed the presence 

of irregularities ‘in the field. Data on interplanetary magnetic 
field at distances upto 1.9xl0~ km from the Earth were obtained 
by Sh. Sh. Dolginov et al. [10] while making measurements with 
the automatic interplanetary probe "Venera-1" launched in 
February 1961. 


Presence of quasiradial interplanetary field, coiled into 
Archimedean spiral, was, for the first time, confirmed by the 
direct measurements of Heppner et al. [11] made in March 1961 
with the satellite "Explorer-10" having an intensly elongated 
orbit. 


In 1962, Snyder and Neugebaner [II.118] made detailed 
measurements on cosmic rays and interplanetary magnetic 
fields with the help of satellite "Mariner-2", Measurements 
(11; 111.118] confirmed the assumption of the presence of 
irregularities in the interplanetary field. It follows from the 
data of Heppner et al. [11] that irregularities of the field have 
characteristic dimensions of 3x10 cm and at H = 2x10™~ gauss, 
should significantly scatter particles of rigidity 10 Gv. This does 
not contradict the estimates made from the data on solar cosmic 
rays. According to E.I, Mogilevskii [12] these irregularities can 
have forceless structure. 


According to the same data, [11] regular component of the 
interplanetary field, very stable during quiet periods, has an 
intensity of H ~ 3x1074 gauss and is directed almost radially 
from the Sun with a deviation of 30-40° caused by rotation of the 
Sun, 


Data on rhagnetic measurements, taken by Ness et al. 
[13] with the help of satellite "IMP-1" in the end of 1963, 
apparently indicate the fibrous structure of the interplanetary 
field. There are also other proofs in favor of the complicated 
structure of the interplanetary magnetic field. Most of these 
proofs were obtained from the analysis of different types of 
variations in galactic cosmic rays[I. 2]. 
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Davis et al [14] give results of the magnetometric data 
obtained by "Mariner -4" for the space between the orbits of the 
Earth and the Mars during the period November 29, 1964 ~~ 
November 30, 1965. Measurements confirmed the presence of 
the expected spiral structure of the magnetic field, which gives 
rise to the observed nonsinusoidal fluctuations. On averaging, 
these fluctuations were reduced to zero. Analysis of the data 
did not confirm the presence of a component of the average field 
directed towards the South. Spectral analysis: of data obtained 
during about two weeks shows that the amplitude of magnetic 
fluctuations, in the frequency range f = 10° *-3x1l0"° Hz and in 
the coordinate system related to solar wind, is of the order of 
19~3- 2#0. 3 55/3 gamma“/hertz. Data [14] help in getting 
spectra for other periods and frequencies right up to 0.5 Hz which 
corresponds to noise threshold of the apparatus”. 


In the end of 1964, 4-sector field was observed with the 
help of "Mariner -4"' which was similar to the field detected by 
Wilcox and Ness [III. 137] from the data of *IMP-1"* for the 
period December 1963-February 1964. This structure of the 
field differs very much from the 2-sector structure observed on 
“Mariner -2"" in 1962, According to the data of '*Mariner -4** ; | 
sectars becamie less defined in the beginning of 1961 than in the 
end of 1964, , 


Meas urement of anisotropy in the interplanetary space. 
low-energy solar particles with the help of space satellite 
*Pioneer-6", The cosmic-ray detector, installed on **Pioneer - 
6°", facilitated recording of particles from four directions of the 
ecliptic plane and protons were measured in the energy ranges 
of 7.5-45 Mev, 45-90 Mev and 150-350 Mev while the nuclei with 


Z22 were measured only in 150-350 Mev range. The detector 


. Data, obtained on 'Mariner-4" on the intensity of cosmic rays (measure~ 
ments by shielded counters sensitive to electrons with Ep @ 1 Mev and 
protons with &, > 10 Mev) were used by. McCoy and Anderson [129] for, 
studying variations having periods of 2-200 minutes. The obtained power 
spectrum of variations can be interpreted as an indication of the presence — 
of local structuvé of the field and hydromagnetic waves in the interplanetary 
medium. The observed modulation (+5% of the average intensity) is caused 
by structural elements having characteristic dimensions of §x109-§x1011 
cm. -- 
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which recorded protons with &4 =7.5-45 Mev, couldalso record 
electrons with ©€% =7.5-13 Mev. Instrument errors in the deter- 
mination of fluxes were of the order of 107-5 and thus, the detec - 
tor could record very weak anisotropy starting from 1074, The 
amplitude, direction and spectrum of anisotropy of low-energy 
solar cosmic rays were studied and chiracteristics of small- 
scale irregularities of interplanetary field were also evaluated. 


The analysis of a large number of cosmic-ray flares, 
recorded by the space probe "Pioneer~6", indicates the presence 
of very strong anisotropy observed for particles with an aver- 
age energy of about 13 Mev. Direction of the anisotropy under - 
goes significant and sudden changes while the maximum solar 
flux was often found to be from the antisolar direction. It was 
found that the direction of anisotropy is well related to the 
changes in the interplanetary field. A model of interplanetary 
field is being developed according to which particles of low- 
energy solar cosmic rays move along well-defined and curved 
fibers of the magnetic field, submerged én the solar wind. The 
curved fibers have diameters up to 3x10 km. It is shown that 
field in the fibers is sufficiently regular to the extent to which it 
can be judged from the data on anisotropy of 13 Mev protons. 
Proofs of continuous injection of solar particles for about 48 
hours were obtained from the same data. 


Most characteristic features of the three outbursts of 
cosmic rays, which were observed during the first 30 days, 
starting from December 16, 1965, after the launching of '*Pion- 
eer-6*', are described below. 


Data from ‘'Pioneer-6** averaged for every 7.5 minutes 
and 2-hours data of neutron monitor at Churchill during the 
period December 26, 1965-January 5, 1965 are shown in Fig. 
13.1, Two outbursts on December 27 and 29, 1965 are clearly 
seen which resemble the "classical" flares of cosmic:-rays with 
quick increase and slow decrease in the intensity, Class 2 flare 
with coordinates 10°N, 59° W was observed at 1124 UT before 
December 29, 1965 outburst. The outburst which started on 
DecemheE 30, 1965 hada more complicated nature and it was 


preceded by class 1* flare at 0006 UT with coordinates 09°N. 
71°W, 
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Fig. 13.1. Data of "Pioneer-6"' and neutron monitor at Churchill for the 
period December 26, 1965 - January 5, 1966. 


Data from neutron monitor at Churchill show that the inter - 
planetary space was quiet during December 27-31, 1965. Daily 
variations were small and average daily values of counting rate 
were large. An exceptionally large daily variation was observed 
on December 31, 1965 which suggests a Change in the conditions 
of the interplanetary space. Geomagnetic storms with sudden 
commencement were not observed during this period although 
during December 27-31, 1965, recurrent M-region was observec 


on the Sun, 
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Counting rates of detectors, in specific directions and the 
azimuthal angle 8a of the anisotropy of cosmic rays for the 
initial phase of December 27 and 30, 1965 flares, are shown in 
Fig. 13.2 (data are averaged for periods of 7.5 minutes). Angle 

8A corresponds to the direction (relative to the Earth-Sun line 
or *Pioneer-6" +Sun line) from which the detector records the 
maximum flux of cosmic rays in the given range of energies. 
Simplified model of the interplanetary magnetic field is shown 
in Fig. 13.3 in the form of the fibrous structure. Every fiber 
of diameter 3x106 km apparently represents a pencil of the 
tubes of force. Low-energy particles must move in this direc - 
tion along the fibers. 


Direction of rotation 


—~ 


Beam of cosmic rays 


Earth's orbit 


U 


Fig. 13.3. Simplified model of fibrous structure of the interplanelary mag- 
netic field. 


Since coordinates of the source and time of emission of 
solar particles are known only approximately, it is very necess- 
ary to know the correct characteristics of their motion. 


It was earlier shown that data on cosmic rays (McCracken 
[4]) and magnetic data (Ness et al.[13]) are, in general, in agre- 
ement with Parker's model [15] for the interplanetary magnetic 
field in the form of Archimedean spiral. In particular, if the 
characteristic dimensions of irregularities in the interplanetary 
field are larger than the cyclotron radius ofa particle, the 
adiabatic invariance sin*@/y must be satisfied where @ is 
the pitch angle of the moving particle. 


In this case,as mentioned by McCracken [4], there must be 
collimation of particles. As a matter of fact, if it is assumed 
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that the decrease in radial field with distance is proportional to 
r-2, the first adiabatic invariant leads to the relation r@sin29 
=const, i.e., particles at large distances must move strictly 
along the lines of force. For example, if the pitch angle of a 
particle 8 =90° near the source (Sun), it will move at the Earth's 
orbit at an angle Ox {°. It means that the isotropic beam of 
particles near the Sun reaches the Earth in the form of a well- 
collimated pencil, parallel to the lines of force at the Earth's 
orbit (Fig. 13.4). It can be shown that the times of flight, from 
the Sun to the arth, of relativistic particles with pitch angles 
6 =0° and © =90° differ by about 2 minutes, 


Trajectory of! 
‘solar particles 


Fig.13.4, Collimation of particles in the interplanetary space during their 
propagation froin the Sun to the Earth. 

If the lines of force of the field at the time of the flare con - 
nect the Earth and the active region responsible for the flare, 
there should be well-defined impact zones on the Earth. Obviou- 
sly, every quasiradial field will have low pitch angles at the 
Earth's orbit while the actual change of field with distance will 
be insignificant, It should,however,be underlined that the resul- 
tant angular distributions of particles near the Earth will be de- 
fined by two competing processes: collimation of particles with 
respect to lines of force of the regular quasiradial field and their 
scattering at magnetic irregularities depending on the energy of 
particles, and distribution of irregularities according to‘their 
dimensions, intensity of field in them and the distance between 


them. 
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The value of Hfor particles, rotating about the lines of 
force of the magnetic field, decreases by about 10“ times during 
their movement from the Sun to the Earth. Therefore, pitch 
angle of a particle near the Earth's orbit will small( <1 ) and 
the beam of: solar cosmic rays will be extremely anisotropic 
while the vector of the beam of particles from the Sun will be 
parallel to the lines of force of the magnetic field, 


Irregularities in the interplanetary magnetic field with 
characteristic dimension comparable to the cyclotron. radius of 
particles lead to scattering of cosmic rays and the disappearance 
of the anisotropy. . 


It was shown by Bartley et al. [IlI. 133] that the beam of. 
particles, generated by the Sun and arriving:at the Earth during 
December 29, 1965 and January 1, 1966, was extremely aniso- 
tropic. Direction of the maximum flux, which changed notice - 
ably with time, was also determined for all intervals of time. 
In particular, during a certain period, maximum flux of parti- 
cles was directed 90°-150° fo the east of the Earth-Sun line. 
‘Such-a direction cannot be explained on the basis of the simple 
theory of Archimedean spiral of the field. 


McCracken and Ness [II. 134] studied the data correspond- 
ing to the period 1600-2400 UT December 29, 1965 when the 
satellite *'Pioneer-6"* was situated at a distance of 2.8x106 km 
from the Earth at an angle of 90° to the Earth-Sun line And to- 
wards east of the Sun. During this period three events were 
recorded when.the angle of anisotropy became more than 90° to 
the west of the Earth-Sun line. Results obtained at the same 
time from magnetic field are described in the work of Ness et 
al, [16], A sudden change in the direction of the interplanetary 
magnetic field was detected from these data, Results on mag- 
netic field and cosmic rays, obtained in [III 134] and [16] lead to 
the conclusion that the interplanetary field has a fibrous struc- 
ture. 


Relation between the direction of anisotropy of cosmic 
rays and azimuth of the vector of lines of force of the: magnetic 
field is shown in Fig.13.5. Each point is obtained by taking 
the average of observational data for every 7.5 minutes. High 
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degree of correlation (0. 877) is seen from which it follows that 
the direction of anisotropy of cosmic rays actually agrees well 
with the direction of the magnetic field (average regression co- 
efficient is equal to 0. 890). 


Direction of anleatropy of cosmic rays 


ID : 
WD Tf DT lo WT BT 2 
Direction of the magnetic field 

Fig. 13.5. Correlation between the direction of anisotropy of cosmic rays and 
the direction of lines of force of the interplanelary field from the 
dala of 'Pioneer-6"" 
1 - correlation coefficient (0.377); 2 - regression coejyicient 
(0. 890). 

Averaged data for every 7.5. minutes, showing the direc - 
tion of anisotropy and magnetic field in the form ofa vector dia - 
gram projected on the ecliptic plane are given in Fig. 13. 6. 

The amplitude of anisotropy, calculated from its ratio to the 
average intensity of cosmic rays inthe solar system, is charac-~- 
terized by the length of the arrow. It is seen that fluctuations 

of amplitude were observed sometimes but the anisotropy was 
always well-defined and it was always related to the field. 


The period between 1750 and 1825 UT is of special 
interest when the field and vector of anisotropy were directed 
at an angle > 90° relative to the "Pioneer-6" -Sun line. In this 
case, the vector of anisotropy shows the direction along which 
motion should be towards the Sun in order to reach the region 
of the flare generating cosmic rays. It follows from this that 
there can be Loops and bends, in addition to the fibrous struc - 
ture of the field consisting of tubes of lines of force, in the form 
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To the Sua 


Dec, 30, 1965 


Azimuth line of force 


_ Direction wee 
anisotropy 7, al 


of cosmic rays . 


Fig. 13.6. Magnetic field and azimuth flux of cosmic rays from the data of 
"Pioneer -6"'for the period 1600-2000 UT December 30, 1965. 

of Archimedean spirals. It is schematically shown in Fig.13.7, 

It is explained by the radial divergence of the lines of iorce in 

the interplanetary space. 


Beam of plasma \\\ 
= \~ 


‘Fibrous structure 
of the field 


"Pioneer -6" 


Fig. 13.7. Schematic representation of the fibrous structure of interplanetary ' 
field. 
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Measurements by Strong et al. [130] with the satellites 
of the type ''Vela" showed that parameters of the solar wind 
(velocity of plasma, direction of the beam, temperature, con- 
centration, content of &-particles) change slowly within the- 
fibers and relatively quickly at the boundary of the fibers. 
Width of the fibers is apparently of the order of a few million 
kilometers, 


Measurements on the magnetic-field vector in the interplan- 
etary space between the Earth and the Mars, taken by Siscoe et 
al, [131] with ""Mariner-4"", showed the presence of quick changes 
in the field and particularly, in its direction, Statistical analysis 
showed that duration of change in the field by a value 7 4%is 
apparently very small. During quiet periods, out of all the irre - 
gularities with duration < 5min, about 50% hada duration <14 
sec and 10%- <2 sec. During disturbances, this tendency is still 
more pronounced, Direction of field in the irregularities appar - 
ently Changes in one plane and its intensity practically does not 
change. Thus, owing to rotation of the Sun, lines of force and 
whole of the structure in general rotates along with the Sun. 


On the basis of Fig. 13.5, it can be said that scattering of 
cosmic rays in tubes with local bends did notat all differ from 
scattering in tubes with field in the form of the classical Archim - 
edean spiral. 


Results {UI. 134] on cosmic rays and magnetic field are 
shown in Fig. 13.8 in a magnified scale for the period 1740-1840 
UT De¢ember 30, 1965, It is seen that azimuthal direction of the 
magnetic field and the direction of anisotropy changed suddenly 
at 1809 UT, From the model of fibrous structure of the interpla - 
netary field, it follows that these changes correspond to transi- 
tion from one fiber to another. The time during which the aniso- 
tropy changed (1811-1817 UT) corresponds to the spatial shift by 
about one cyclotron radius for a protonwith & = 13 Mev. Such 
a sudden change of anisotropy is possible only in an absolutely 
regular field. This fact as well as invariance of anisotropy be - 
fore 18)1 UT and after 1818 UT shows that in this case, cosmic 
rays moved from the Sun through a well-regulated field. 
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Fig. 13.8. Intensity of casmic rays fram two opposite directions and the 
dixeclion of the interplanetary field during 1740-1840 UT on 
December 30, 4965. 

Considering the effect abserved at 1810 UT and other 
similar Gages, itis passible to make an attempt to evaluate the 
longitudinal distribution af the corresponding fibers of the field 
near the Sun, Bartley et al. [IJ.133] showed that injection of | 
particles teek place in regions differing in longitudes by < 25°. 
Singe, during every transition from ane fiber to another, each 
was Fi¢k in cosmic Fays, McCracken and Ness {Ill, 134] arrived 
at the canclusien that a fiber ia always related to regular field at 
pots eA the Sunls surface differing in longitudes by not more 
than 25°, TFhus,fibrougs structure of the field is apparently well 
regulated, i.e., the fibers retain their mutual location along the 
longitude in spite of the presence af loops and bends, 


Thus, development of the investigations on cosmic space 
significantly explains and corrects the concepts on the interplane - 
tary magnetic field and, in the long run, leads to the concept of 
magnetic trap of the solar system in which propagation of solar 
cosmic rays is defined by the regular field as well as by irregu- 
larities of the field (anisatropy of diffusion), In this case, re- 
lative role of regular and irregular parts of the field depends on 
the energy of particles, As will be seen inthe subsequent Sec-~- 
tions, discovery of the complicated structure of the jnterplanetary 
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field does not at all reduce the importance of investigations on 
diffusion model. On the other hand, a study of the differences 
between this model and the experimental data gives valuable in- 
formation on magnetic fields as well as on the processes of gen- 
eration and exit of particles from the accelerating region. 


13.3. Motion of solar particles in irregular magnetic fields. 


Let us first of all consider the simplest case --~- diffusion of 
particles at magnetic irregularities. If dimensions of irregu~ 
larities are denoted by 2 and distance between them by d, the 
following two cases, as applicable to investigations on cosmic 
space, can be of interest: @Z<dand2~d. Let us study them 
successively. 


1) @<< d. As density of magnetic irregularities in this 
case is ~ d? and the effective cross section‘of collision of a 
particle with irregularities ~ 22, the mean free path L for colli- 
sion will be d3 £-*, Let H, be the average intensity of magnetic 
field in betweenthem. Particles with charge Z,, momentum p 
and radius of curvature ? = cp/ZeH_< Q@ will experience effec- 
tive scattering. Their motion will be described by the diffusion 
equation with diffusion coefficientze = Nv/3 where v is the 
velocity of particles and A is the average mean free path for 
diffusion, inthis case, equal to the mean free path L before 
collision with irregularities. If $< £, the particle during 
every collision with irregularity will deviate from the initial 
direction of motion by a small angle @ ~ @/¢ onthe average. 
In this case, in order that the deviation may accumujate to an 
angle ~ 1, » collisions are necessary and the deviation will 
be determined by the relation, 1v/ve applicable to multiple 
scattering. From this, V~ & fe. Therefore, for a significant 
change in the direction of motion of particles in the case of such 
multiple scattering, the time required will be v/yLl and the 
transport mean free path for scattering is Aw~YL~d3 970-4, 


In the general case, with an accuracy of about 1 for the co- 
efficient, it can be written 


A~dt*(1 +5) =a" [1 +(z85))]- (13.1) 
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It follows from (13.1) that for all particles with cp/Ze < H€ 
the value of A does not depend on the momentum of particles, 
whereas at cp/Ze > Ho Aw p2. 


2)@~d. Inthis case, L~@. On reasoning ina similar 
way as above, we get 


A~tfi-+(z{85) |. (13.2) 


which conicides with (13.1) atd~2. 


Let us now consider a more general case when there is a 
group of irregularities of magnetic field with dimensions from 
£, to 2&2 and having distribution of density (2). In this case, 
mean free path before collision will be f-!(#)2-%. Let the inten- 
sity of field at the irregularities be the same on the average and 
equal to Hz. Then, mean free path for diffusion at irregularities 
of dimension 2 will be 


AM~ FOL? [+ (sh) |- (13.3) 


The effective mean free path for diffusion at all the irrcgularities 
will be determined by the relation 


ly 
pa eer a | dl (13.4) 
A effi I,—1, A) 


1 


where A () corresponds to equation (13. 3). 


Let us consider the special case when the irregularities 
are situated at large distance d from each other and their density 
does not depend on @. In this ca#e, f(@) ~ d=3 and according 
to (13.3) and (13. 4), we get 

4 


hu =2—1)| | F |- 


P+ 


t 


= d*(l, —1) [s@-9—-F,— +e arctg —t 
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From Fig. 13.9, a, where dependence of A, on § is 
shown. it is obvious that, if 2; ¢¢8, for $S/5, Neft~ 3a3 42 
but at $>>£2 the value of N ors increases rapidly in proportion 
of g2 (curve 1). If aT ~ 03, the relation (13.5) changes into 


0” a5 1 45 @ 2 
op Ae 


Fig. 13.9. Dependence of transport mean free path on momentum of the 
parlicles for two cases: a) irregularities of the field are situated 
al large distances from each other and their density does not 
depend on dimensions; b) distribution of irregularities is given by 
the relation (13. 6). 

1 - for 1j/l2 = 0; 2 - Ly/lg = 0.2; 3 - 1y/lg = 0.5; 4 - 1y/lg = 1. 


Let us now consider another case which corresponds to the 
well-developed turbulent medium with minimum dimensions of 
irregularities & and maximum @3. In’this case, 


at here, 
iG { 0 t I<h or [> vee) 
Putting (13.6) and (13. 3) in (13.4), we get 
fl, 2 94-71 
1 ldl 2(1,—1,) 
Aca = t/a =. 13.7 
S Ee i e+e | In B+ ve) 


R+e 
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It is seen from (13.7) (Fig.13.9, b) that irregularities for 
which @~ 8 are the most effective elements for scattering of 
particles. This important result can also be obtained from the 
following simple arguments. 


Let us consider motion of particles whose radius of curva- 
ture inthe field Hy is ® . Scattering at irregularities for which 
§~ @ will be defined by the mean free path A,~@. At the same 
time, scattering at irregularities of dimension @<< & will be 
determined by A3~ (£/€)2#@=8(5/@) >>A, i.e. the mean 
free path A3~ ($/a)e@% = 8 (8/e) >>Ayzi.e., in both the latter 
cases, scattering is considerably less effective and it can be 
neglected a8 compared to scattering at irregularities with Eng, 
‘hot iy Lied Seebilesiies with dimensions in the r 

4 ; path, according to these 
simple arguments, will be 


ange 


Ly ic cep<ZeHJ, 
cp : cp 
Net~) Ze,’ § ASA < (13.8) 


cp \2 . 
(sx) » ££ ep>ZeHdy» 
which is well in accordance with the results shown in Fig.13.9,b. 


Let us now consider propagation of cosmic rays asa result 
of drift in irregular magnetic fields. In this case, trajectory of 
the particle will be a trochoid with radius of curvature ¢ = ¢P/ZeH- 
The center of curvature will drift with a rate 


pv 
Waa Vi H. (13.9) 


If irregular sections of the field completely fill the space and if 
each of them has dimensions @ with specific distribution f£(@ ), 
propagation of particles will have diffusion nature with mean free 
path A.r¢¢ determined by relations (13,7) and (13.8). The drift. 
velocity ug, at irregular sections of the field and not thevelocity 
v of particles will be a part of the diffusion coefficient. There-~ 
fore, diffusion coefficient will have the form. ° 


A 
x= . (13.10) 
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i.e., this type of diffusion can be considered as propagation of 
particles with a velocity v but with mean free path 


Aar=A ete > ~~ aa VA. - (13.11) 

It is natural that only particles with 9<< @ will propagate in 
this way and therefore, every collision with an irregularity will 
be effective. If the irregularities do not fill the cosmic space 
but are situated at a distance d from each other, the particles 
will pass through irregularities during time At} = @/ugy and 
the space between the irregularities, during time At2z =d/v 
therefore, average effective rate of motion of particles will be 


d d 
Vare =——, =, #*- (13.12) 


and the diffusion coefficient 
A effu 
“= ae (13.13). 


where Age is determined from equations (13.4) and (13.5) and 
ueff from equation (13.12). 


The situation, when there is a weak regular field of inten - 
sity Ho in the space between irregularities, is also of great inter - 
est. In this case, motion of particles will represent anisotropic 
diffusion and the diffusion coefficient %€ yy along the field will be, 
to a first approximation, same as in the absence of the field 
( %,=2¢ ) and transverse to the field will be determined by the 
relation 


x“ 
“I 
y.4 = 
1 Tae (13.14) 
where Larmorov frequency is given by 


— 20H (13.15) 
= cp 
and the time between effective collisions of particles with irregu- 
larities of the field (when there is a significant change ‘in the dir - 
ection of motion) by 


A eff 
Voff 


Tt~ 


(13.16) 
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In the last expression, Agr and Weff are determinedfrom 
equations (13.4) and (13.12) respectively. If w7¢<<1 there:will be 
usual isotropic diffusion. If #3%*21 it is necessary to con- 
sider anisotropy in propagation of particles. Ofcourse, there 
can also be other, more Complicated combinations of magnetic 
fields in the cosmic space. They can be investigated just like the 
cases Considered above. 


It is of interest to study scattering properties of magnetic 
fields having simples configurations Hg = constand Hy ~ x™ 
as applicable to diffusion process of the propagation of charged 
particles. For these scatterings, L.J. Dormanand Yu. G. Nosov 
[17] worked out the methods often used in the theory of atomic ce- 
llisons: determination of differential effective cross section. 


Let us consider two-dimensional case: charged particles 
move ina plane and vector Hg is perpendicular to this plane. 


1) Let r be the radius of the circle in which H, = const and 
$ = mvc/ZeH,. Then, the diffusion coefficient will be 2% = 1/2AV, 
(there is 2 in the denominator since it is two-dimensional 
problem). Inthe simplest case, the transport mean free path 
is equal to the average mean free path A,of a particle between 
collisions. This equality is true only if there is isotropy of 
scattering on collison. If the scattering is anisotropic, A$ Ng 


aus Me = 1 
try 1—cos@  Na(1—cosé) 
where N = 1/a2 is the number of scattering particles per unit 
area, dis the average distance between irregularities, 8 is the 


scattering angle and ¢ is the scattering cross section which for 
two-dimensional case has the dimensions of length. 


(13.17) 


Let us introduce the parameter a = $/r. Then, at ofa<l, 
we get Nee = A. = d*/2r and? = vd2/4ryat 1< a <e we have 


d? { muc \2 
vd? { mve \2 
x= ts (Za) - ae) 
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For ultrarelativistic particles, v —>c and mvc —> & where 
€ is the total energy of a particle. From this, we get — 


x= (zd): (13.20) 


Scattering of particles, having different energies, by fields of 
the type Hs = const. is shown in Fig. 13.10. Vector of the inten - 
sity of magnetic field Hs, perpendicular to the plane of propag- 
ation of charged particles, can have two directions differing by 
an angle tT. In the case of large values of d, diffusion will take 
place only if the frequency of encountering the magnetic fields 
having both the possible directions of Hs is the same. If there 
are magnetic fields of only one direction, the charged particles, 
deviating after every Collision in the same direction, will not be 
able to come out of the limited space. 


>t - 
Falling particle é 


as 


Fig. 13.10. Scattering of particles of different energies by irregularities of 
the type H, = const {17]. 


2) Let Hs = M/r®. Let us use the unit of length @ = (eM/ 
mve)!/(n-1), After simple computations, we get 


eos dy. *-1/ muc 
“Sq esp Vor ae (13.21) 


Atn =1, the parameter @ loses its significance as a unit of 

length. Consequently, fields Hs = M/r™ cannot scatter charged 
particles at any value of n. Obviously, a particle cannot come 
out of the field Hs = M/r® atn<l. In this case, centrifugal 

force mv“/r ~ 1/r decreases with distance more rapidly than Hs. 
Trapping and focussing of electrons by fields Hg = M/r" at 

n <1 is used in betatrons. 
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If n>1, the centrifugal force decreases with distance more 
slowly than Hg and the particle can go to infinity. Consequently, 
particles can be scattered by fields Hs = M/r? only atn>1. At 
n «3, the magnetic field Hs = M/r3 which corresponds to the 
distribution of field in the equatorial plane of the magnetic dipole 
The unit of length @ takes the form @ = {eM/mvc. Now M has 
the significance as that of magnetic moment of the dipole. If M is 
equal to the magnetic moment of the Earth,! is sometimes call-- 
ed as "stormer"® (see Section 7). 


In the case of dipole field, we finally get 


x= (0,18 + 0,02) d’v/mocfeM. (13.22) 
For ultrarelativistic particles, (13,22) takes the form 
= (0,18 + 0,02) de VefeM. (13.23) 


Thus, if the irregular field is H = const in a circle of 
radius r, from formulas (13.19) and (13.20), we get the depend- 
ence A ~R#@ for relativistic as well as nonrelativistic particles. 
If M, ~ 1/r? (dipole field), from equations (13. 22) and (13. 23), 
we get A~ Ri/2, 

Motion of energetic particles in the interplanetary space 
is controlled by large-scale magnetic fields along with their 
scattering by small-scale irregularities. If $>@, scattering 

_is at small angles and if @~@, the scattering takes place at 
large angles. 


Earlier, this problem was studied by Parker [18] with tne 
assumption of "thin'' and “thick'' scattering centers, scattering 
at which was considered to be partial if §{~£ and complete if §<@. 
For high-energy particles (¢>@), such a model is probably 
fully satisfactory while at low energies (9<@), it is necessary 
to apply the model of guiding center when the particles move 
through irregularities along the lines of force. In this case, the 
particles either undergo mirror reflection at some point of the 
irregularity does not significantly change during collision witha 
particle). The model of ''thick' scattering center includes a 
wrong assumption about complete scattering at low energies, 
Actually, maximum scattering is observed at an intermediate 
energy when 8~£which approximately corresponds to resonance 
between variations of the magnetic field and cyclotron frequency. 
of the particle. 
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By this time, detailed observational data have been obtain - 
ed on the propagation of energetic particles in the interplanetary 
space (see Chapters land II). Therefore, it becomes necessary 
to describe scattering of particles at magnetic irregularities in 
more detail than is possible from the models of "thick'’ and 
"thin'' scattering centers. To this end, Parker [19] studied the 
problem of a particle of mass m, charge q and velocity v moving 
in a magnetic field of uniform intensity Hs in x-direction and 
it was assumed that the magnetic field has only one irregularity 
of the type 


F(x)=a® ($) (13.24) 


F (x)= a exp(— =) (13.25) 


where a is the amplitude, bis the characteristic length of the irr - 
egularity (Fig. 13.11) and Mis the integral of probabilities. 


Wy 
= 
8 a 
= 
40 
é / a 7 ? 
z/b 


Fig. 13.11. Distribution of a field of two irregularities described by equations 
(1.3. 24) and (13, 25) (curve 1 and 2 respectively). 


As shown in [14], the scattered velocity component, perpen+ 
dicular to the field, is determined from the relations 


Av, a b b? 

wht. = exp(— a) (13.26) 
Av a 8? b? 

a nes . 
my 85 ae exp (—z5). se 


The functions are shown in Fig. 13.12 


It is seen that for fixed values of a and b, the scattering 
amplitude AA vi /vy tends to zeroas ¢€ becomes very large or 
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: . : : 44 he type 
Fig. 13,12. Amplitude of scattering Avyfoy at irregularities of the ty 
: (13. 24) and (13.25), obtained from the relations (13.26) and 


(13.27) (curves 1 and 2 respectively). 


very small. The scattering is maximum at § = b/21/2 and 

$ = 6/2where A vy, /vy_ has the values of 1.72 a/b and 2.58 
a/b respectively. Ratio of scattering amplitudes, determined 
from (13.26) and (13.27) is equal to (2/m!/2)g1/2 which is less 
than one at low energies although, as a matter of fact, in each 
extreme case, scattering is low as compared to the maximum 
‘near the point %/b = 1 where (13.26) and (13.27) are comparable. 


Considering irregularities in field distri bution of the type 


F (x) =a = exp(—+), (13.28) 
2 oe 
F(x)=asin = eel? ae (13.29) 


Parker [19] derived the following two expressions for Air, [> 
Av n?og 8 ( B 
se yee ge Pc | 
oe ; exp ig (13.30) 


Av “ab of we. 1 
Gee (os) exol—F (G+ 3-}|~ 
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These expressions show that increase in the number of 
regular fluctuations of field can noticeably reduce pure scattering 
at (>4. Obviously, for the theory of scattering of high-energy 
particles, it is important to solve the problem. as-to whether the 
irregularities should be considered as different and independent 
disturbances of the field or every such distrubance in one direct- 
ion is accompanied by an extremely similar convexity in the opp- 
osite direction. 


These examples serve as an illustration of the nature of 
scattering of a charged particle by irregularities ina large-scale 
field. On reducing the rigidity of particles, scattering goes 
on intensifying till it becomes maximum at the time of resonance 
between the cyclotron frequency and rate of change of field acting 
on the moving particle. As mentioned earlier, at low energies, 
scattering decreases to zero and therefore, motion of particles 
can be described on the basis of the model of guiding center. 

The particle in this case either undergoes mirror reflection or 

passes through the irregularity without changing the pitch angle. 
These facts should be kept in view while interpreting observati- 
onal data on the propagation of energetic particles by taking into 
account the irregularity spectrum measured by Coleman[20, 21] 
at the end of 1962 on '"Marirer - 2"', 


For the expressions obtained in fl 9] to be trpe, it is neces - 
sary thatAv,/v,<< 4. This requirement is authomatically satis - 
fied for large and small values of b/f. However, for its applic - 
ability at all values of b/f, it is necessary that the condition 
(Avy /vy ) 21 is fulfilled. From this follows the require-~ 
ments a <<b, i.e., the irregularity should have small "inclina- 
tion" and its length should be more than its amplitude or 
a <<0.2b. Obviously, it ‘atifomatically leads to the require- 
ments that length of the path, measured along the lines:of force, 
may not increase too much due to the effect of irregularity (i.e., 
due to twisting of the line of force), It also signifies that com - 
pression of the lines of force in.the irregularity is not large and 
therefore, all the particles with pitch angles@¢ 1 radian pass 
through the irregularity more or less freely without mirror re- 
flection. _ 


Motion of charged particles in the interplanetary space is 
‘considered in a number of works of Roelof [22-26]. For studying 
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the propagation of low-energy solar protons of energy 1-10 Mev, 
it is assumed in [22] that the charged particles will diffuse thro- 
ugh the magnetic fields which are so irregular that approximatior 
of guiding center is not applicable for describing the motion of 

a particle. For studying the transfer of particles in these fields, 
the equation of motion Dv/dt = vx W W-gyrofrequency equal to 
ZeH/mc and v-velocity of the particle) is solved, in which v 

and & are taken as stochastic variables. Magnetic field is the 
sum of average field H, and fluctuating field h, the average value 


of the autocorrelational function of which is equal to zero. The 
field h can Change with time as wellas in space. Such consider - 
ation is applicable only if 94/at does not give rise to significant 
induced electric fields. It was found that distri bution function 
for V satisfies the two-dimensional equation of Fokker -Planck 
(on a sphere of radius ¥ in the space of velocities), The process 
is characterized by three parameters: 1) average field Ho; 2) 
mean square component of fluctuating field; 3) space parameter 
of correlation @ for fluctuating field. It has further been shown 
that the particles actually diffuse and at h*>> W,, diffusion is in 
three Ccirections while at H,ghit is mainly in one direction (along 
Ho). 


Solution of Fokker~-Planck equation of motion of charged 
particles in an average magnetic field ®, with superimposed iso- 
tropic arbitrary field B shows [23] that distribution of velocities 
is as yraptortc with characteristic time of relaxation T = 2vq/n 
(mc)*P(k,). Here v, q and m are the velocity, charge and re- 
lativistic mass of the particle respectively, c is the velocity of 
light and P(k,} is the spectral energy density of any component of 
the arbitrary field B defined by the wave number ko = qB,/mev. 
For the case B > B2 corresponding to the interplanetary mag- 
netic field, it can be assumed that the average field By, changes 
slowly in space if the characteristic length L = BG/B, A Bg is 
slightly more than the "relaxation length" of velocity v2. 
Asymptotic distribution of velocities, inthis case, has the form 
(6/2 shE) exp (By) where % = v2?/2L and u is the cosine of the 
pitch angle of the particle, measured from the direction of the 
decreasing field. This process of distribution of velocities leads 
to the diffusion equation with diffusion coefficients = ve z/6 
along the average field and %,% ( 2z)-2 2) perpendicular to the 
field. Average drift velocity along the field is equal flv where 
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f= Arcth§. Comparison of diffusion equation with observation 
data on solar cosmic rays gives #, ~ 1021 cm2/sec. Near the 
Earth's orbit, it corresponds to T~102 sec and therefore, 

>> %, and €~107!. -Thus, propagation of solar protons 
apparently corresponds to manometric diffusion along the lines 
of force with slight anisotropic distribution of particles along 
pitch angles. Externally, drift will give rise to intensification of 
the decrease in the particle flux at the end of the event. Spectral 
energy densities obtained on the basis of diffusion coefficient. for 
flares, starting from 1956, are about one order less than those 
from spectrum of irregularities obtained by Coleman [20] on 
"Mariner~2" and are in agreement with the form for Larmorov 
frequencies of protons with &, = 20-2500 Mev. 


Propagation of charged particles in thé interplanetary mag - 
netic field is studied in [24] with the help of statistical methods 
and the theory of adiabatic motion. The guiding center of parti- 
cles moves along the smoothened average field B and small,arb- 
itrary spatial changes of field b change to irregular distribut- 
ion of peel angles with characteristic relaxation time 
T = m%c2v/2q 624 where m, v and q are the mass, velocity and 
charge of the particle respectively, c is the velocity of light, b2 
is the mean square amplitude of disturbance and Lis the length 
of correlation of field disturbances. If Bis uniform, diffusion 
takes place along lines of force with mean free path Az v¥,¢e.,A 
is proportional to v“ . Since B decreases on increasing the 
distance from the Sun, rotation of the direction of motion of 
particles appears to be less probable although small ( ~ 10%) 
local increases in the field B at a distance of r from each other 
lead to such rotation of the direction for particles having large 
pitch angles. If wY%<4 irregularities can be observed at 
Aw rf, i.e.,A is proportional to V4. Electron with E~ 40kev 
and protons with £y~ 100 Mev apparently satisfy the conditions 
of this diffusion with mean free path A not depending on velocity. 
At the same time, their velocities are comparable and therefore, 
they should have diffusion coefficients of the same order which 
is in agreement with the results of observations. Anisotropy of 
beams of energetic solar particles, observed by measuring 
7.5-45 Mev protons on ''Pioneer-6'' and 45 kev electrons on 
"IMP -3'', is the source of information on local properties of 
the interplanetary magnetic field and on propagation of particles 
in this field, 


256 


PROPAGATION OF SOLAR COSMIC RAYS 


It was found in [25] that local diffusion coefficients along 
and transverse to the lines of fieldare %y x ve /6 and 
ead (%7% ) 2 oy and therefore, propagation of particles ata 
distance of la. u. is highly collimated along the lines of field. 
In the regions where the line has irregular distortion to distances 
2vT , pitch angles (Y) have the distribution ~ (2 shk) 
exp(k cos Y)- where k = v@/2L (L is the characteristic dimension 
of mean field B26/Bo YBo). Thus, anisotropy of the particles 
gives information (through k) on the statistical properties of 
local field and parameters of propagation of particles even if the 
observed phenomenon does not have the nature of simple diffusion. 
Preliminary comparison with the data of ''Pioneer-6"' at corres - 
ponding moments of time is well in agreement at k~15% from 
where en ~ 1021.1022 cm/sec for protons with ,. = 7. 5-45 
Mev. “IMP-3* dataon electrons have more complicated nature. 
Apparently, arbitrary distortions along the line of force for the 
wave number, corresponding to electrons with & , = 45 Mev, can 
be "discontinuous" within the limits of the scale. 


Results, obtained on solving the problem of motion of char - 
ged particles in the interplanetary magnetic field [24, 25] are 
compared in [26] with the data on spatial power spectrum of the 
interplanetary magnetic field by assuming that time variations of 
magnetic field, recorded on a satellite, are related only to the 
three -dimensional irregularities of the field. In this case, vaiu- 
es of experimentally measured fliffusion coefficients for partici- 
es of different energy were used, It is pointed out that space 
variations, corresponding to wave-length ~ 0.l a.u., represent 
the characteristic feature of the interplanetary magnetic field. 


According to Wibberenz [27], drift can play the same role 
in propagation of particles as scattering if the particles move 
transverse to the magnetic field and it is possibly more effective 
in Certain configurations of magnetic fields. Dependence on vel~- 
ocity and rigidity is insignificant in both the cases. The possible 
effect of drift on the value of p:a@ ratio is discussed in [27] on 
the basis of observations near the Earth at different stages of co- 
smic-ray flares. This ratio ata constant energy per nucleon 
practically does not change with time if the dependence of #( on 
rigidity is taken into account as was done in Krimigis' model of 
isotropic diffusion [26] (also see Krimigis and Van Allen [29]). ~ 
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Data on actual interplanetary field are of great interest for 
the theory of propagation of cosmic rays inthe solar system. 
In this connection, let us consider basic results of the work of 
Coleman [20] in which the properties of variations of interplane- 
tary magnetic field observed with the help of the magnetometer 
on "Mariner~-2" during August 20 --~ November 15, 1962 are des-~- 
cribed. In the spherical system of coordinates with center on 
the Sun and polar axis coinciding with the axis of rotation of the 
Sun, interplanetary field is described by the components 8, , By 
and Bg . It was shown that amplitude distributions of these com - 
ponents, taken during the periods with constant polarity of field, 
are more or less similar to the Gauss distributions, Width of 
these distributions is equal to 5.8; 10.0 and 10.0 gamma? for 
& ,B and Be respectively. It should be underlined that width 
for radial component Br is considerably less than that for the 
two transverse Components, Spectra of energy density are given 
for each of the three components in the frequency range of 1.35x 
1075-1. 35x10"% Hz. Comparison of the spectra shows that 
variations of radial components are less than those for the compo- 
nents Be and B gp in the whole range of frequencies and the ratios 
of energy densities Br, Bg and Bo practically do not depend on 
frequency. Energy density in the spectrum is a sharply decreas -~ 
ing function of frequency while the spectrum has the form dh“/ 
df ~ f£-l-£72 inthe frequency range of (1.16-5. 8)x10"> Hz. 


Fig. 13.13 shows the spectrum of energy density for Bg- 
component of the interplanetary field which is perpendicular to 
the Sun-''Mariner-2" line and lies in the plane of solar equator, 
Results obtained for different periods and from different methods 
of machine processing of primary data are shown by different sy - 
mbols. In October 1962, average intensity of interplanetary 
field was about 54 while the velocity of solar wind was approxi- 
mately equal to 400 km/sec, In the frequency range of 3x10*4-- 
3x10”? Hz the spectrum is. well described by the function which 
has a tendency to iricrease the inclination at f 2 5x10%* Hz. 


Recently, spectra of energy densities for different compo- 
nents of the interplanetary field were obtained by Siscoe et al. 
[30] from the magnetometer data of ''Mariner-4"' during the two - 
week quiet period in the end of 1964, In this:case, spectrum of 
transverse Component Bogwas also approximately proportional to 


258 


PROPAGATION OF SOLAR COSMIC RAYS 


dh2/df, gause*/Hz - 
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Fig. 13.13. Spectrum of energy density for Bo - component of the interplane - 
lary field'in October 1962. 


f-l at low frequencies with transition to steeper spectrum at 

f£ 21074 sec. The fact, that transition to steep spectrum in 1964 
took place at a frequency lesser than in 1962, can be significant 
during analysis of modulation effects of particles of extremely 
low energies. 


One of the latest works on the study of the motion of parti- 
cles jn the irregular field was carried out by Jokipii [31]. In{31], 
magnetic field is considered to be the superposition of a constant 
field By anda small fluctuation component B] which is a uniform 
arbitrary function of coordinates with zero mean value. Fokker- 
Planck coefficients, describing evolution of distribution of parti-~- 
cles according to pitch angles and coordinates, are correctly de- 
rived with the help of two-point correlational function for Bj or 
with the help of Furier spectrum of the irregular field. It has 
been shown that time evolution of distribution depends on irregu- 
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lar field in two ways: 1) the particle is scattered by that irregu- 
larity which corresponds to resonance with the cyclotronfre- 
quency of the particle; 2) the particle accomplishes arbitrary 
circulation along the lines of force in the plane xy and moves. 
along the z~axis. Jokipii [31] also finds diffusion approximation 
for Fokker -Planck equation and derives the tension for diffusion 
coefficient. Applying coefficients to the observed spectrum of 
energy density of different components of the interplanetary field 
in the form ~ £7! Jokipii [31] showed that diffusion coefficient — 
for a particle of rigidity R and velocity v, moving along the mean 
magnetic field Bp, has the form 2} ~ BoRv. It should be mention- 
ed that calculation of 94, in [31], required the condition that 
change in B, should be small for the length of transport mean 
free path A < 24: /v to be satisfied. For protons with &, = 100 
Mev, the mean free path is A £ 1012 cm while the characteristic 
dimension of the field beyond the Earth's orbit is more than 1 a.u. 
= 1, 5x1013 cm and therefore, the required condition is satisfied. 
As shown in [31], diffusion is extremely -anisotropic: Xy >> F€ . 
While studying different assumptions about the nature of scatter - 
ing by magnetic irregularities, L.1. Dorman [32] also found that 
¥C~ Rv; however, his results were obtained without referring 
to the observed spectrum of irregularities. 


Gloeckler and Jokipii [33] made an attempt to apply the 
results of theoretical estimate of Jokipii [32] to the observation- 
al data of Fan et al. [IIl. 133; 34] obtained with satellites "IMP - 
1', “IMP -2'' and "IMP --3'* during almost two years near the 
minimum solar activity (December 1963 --September 1965). The 
ratio of the intensities of primary particles In[I2 (t2)/Ij(t,)] as 
a function of RV was studied for different times during the given 
period, The value of In(I2/I1]) was found to be inversely propor - 
‘tional to Rv-which was well in agreement with the estimate given 
in [31] for the real interplanetary field. Other types of dependen- 
ces In(i2/1])~ R~-! or in (12/1) ~ wv! ‘do not satisfy the experi- 
mental data in the considered range of rigidities (0, 03-2,0 Gv), 
It should be mentioned that experimental points obtained during 
1964-65 have a tendency to arrange themselves slightly below the 
straight line ln (12/1) ~ 1/Ry at low energies. According to 
[33], it may be caused by the increase inthe steepness of the 
spectrum of energy density obtained in the end of 1964, at fre- 
quencies f > lo-* Hz which corresponds to cyclotron frequency of 
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the particles with R£0.3 Gv. Similar results on effects of mod- 
ulation of cosmic rays were obtained by a number of other rese- 
arch workers (see references in [34]). 


Thus, observations on cosmic rays are well in accordance 
with the modulation effects expected from the irregularity spect - 
rum of the real interplanetary field (20, 30], Although magnetic 
data are not sufficiently complete and the diffusion coefficient is 
deterimined only for the region near the rarth's orbit, it is clear 
that modulation is caused by magnetic irregularities carried by 
solar wind and that the motion of particles can be quantitatively 
described by the measured spectrum of irregularities. 


The relation between diffusion coefficient of cosmic rays 
and the spectrum of irregularities of the interplanetary magnetic 
field is studied in the work of A,Z DolginovandI1.N. Toptygin 
[35]. On the basis of the kinetic theory (see Section 16), the 
authors [35] got the following expression for mean free paths: 


Ay sa PE (Qv-+-4) mL (st)”, 
Ay e’{Hi)1\ ep 
where Ay = wil? r (v/2) cr (3-v/2Z} sin (ysl /a ); is the index of 
irregularity spectrum of the field; Hg is the regular field; 
<H4 > is the mean square of the irregular field; Zis the 


characteristic dimension of irregularities and Ay and Ay are 
mean free paths along and transverse tothe regular field 
reSpectively. Obviously, in the case of an extremely regular 
field (9 <2 @), the mean free path of particles can depend on 

the momentum in different ways. it is explained by the fact that 
a particle of Larmorov radius f is effectively scattered at 
irregularities of dimensions 2 £ § whose specific weight is 
determined from the type of spectral function. Irregularities 

of magnetic fields, corresponding to the values of f£ from 10-2 
to 10-4 Hz, observed in [20], are effective for scattering 
protons of Larmorovy radius f % v/f. According to experimental 
data, putting Hg > <H4>and ~) = 2, the authors [35] arrive 

at the conclusion that the mean free path of such protons along 
the lines of force of the regular field does not depend on their 
momentum and is equal to 6x109 — 10° km. 


On the other hand, if the regular field is weak, accord- 
ing to [35] 
26: 
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A= z= 3 Pp |e (Hi (r)) f W(xjdx| . 


where (x) is the correlation function, the components ey 
are 


__ UAy = __ vA 
a ee 3 Ne 
p? 


and the remaining components of the diffusion tensor are equal 
to zero. 


Very important results were obtained by Rinehart [36] 
who uSed the method of the theory of small disturbances for 
evaluating the effect of regular interplanetary field on the 
motion of protons, Diffusion coeffictent ts considered to be a 
tensor and the small parameter of the theory of disturbances ie 
equal to the square of the ratio of the frequency of collision of 
protons with magnetic irregularitles to the cyclotron frequency 
of protons in the regular field, The solutions of diffusion 
equation s0 derived on comparing with the experimental data 
on solar protons, facilitate evaluation of the relation between 
the parameters of the model under reference and apparently, 
offer a method for determining each of the parameters indivi- 
dually. 


Reflection, trapping and propagation of energetic protons, 
associated with solar flares, in irregular magnetic fields of 
plasma clouds in the interplanetary space were analyzed with 
the help of statistical methods in the work of Waddell and Mc- 
Quarrie {37], The field was assumed to be nondirectional with 
the distribution, according to intensity, obtained by direct 
measurements, Distribution of protons in the cloud in space and 
with the passage of time was evaluated by the method of Monte- 
Carlo. The ayerage time ef existence of a proton in the cloud 
varies froma few segeends near the Sun to a few hours near 
the Earth, Gonsequently, protons easily penetrate the cloud in 
the corona over the flare and are carried by the cloud which 
contributes a lot to the intensity at the later stage of develop- 
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ment of the phenomenon. Within the limits of the cloud, diffusim 
coefficient is inversely proportional to the mean square 
intensity of the field. 


Using the approximation of guiding center, Sakurai {38 ] 
studied motion of charged particles in magnetic fields changing 
in space and with time. Drifting and mechanisms of accelera- 
tion of the particle are considered. Application ‘of the results 
obtained to the mechanisms of acceleration of solar cosmic rays 
and to the motion of trapped particles in the external radiation 
belt is discussed in short. 

Motion of solar cosmic rays in the interplanetary magnetic 
field was also studied by Bennet [39]. Bennet [39] considered the 
model of interplanetary magnetic fie[d consisting of a collection 
of discrete, sharply marked fibers or tubes of lines of 
force. Longitudinal and transverse scales can be attributed to 
every fiber. If these scales are retained at all the points of fiber, 
the magnetic momentum of particles (first adiabatic invariant) is 
also retained. The fiber in this case becomes fluent for nonrela- 
tivistic solar protons while the pitch angle of particles systemati- 
cally decreases with an increase in the heliocentral distance as a 
result of which the beam becomes anisotr opic. It is shown that 
the transverse scale is an invariable internal property of the 
tube of lines of force. Longitudinal scale may be disturbed by 
the loops of magnetic field caused by magnetohydrodynamic 
shock waves from solar flares, Every discrete scatter ing 
center is considered as a virtual source of particles. Particles 
of very low rigidity will continue satisfying the corresponding 
scales and retain focusing while the rigid particles get diffused. 
Nature of the phenomenon, associated with propagation of parti- 
cles of solar flares, significantly depends on heliocentral dis- 
tance and number of magnetohydrodynamic shock waves coming 
in the path of the beam of energetic particles, 


Rostami and Coleman [128] studied motion of charged 
particles in the magnetic field of solar wind depending upon 
time and coordinates. On the basis of the results of 'Mariner- 
2", interplanetary field is represented as superposition of 
spiral and arbitrary (irregular) fields. Diffusion coefficients 
have been calculated for every point of the space. The field 
was averaged for parameters with the help of computers. As 
was assumed, tensor of diffusion was found to be anisotropic « 
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Spatial and energetic dependence of diffusion coefficient were 
determined which in the case of diffusion along the average 
field was found to be equal to 1029-1021 cm2 sec™! (for 50- 


500 Mev protons at a distance of 1 a, u.); this value is less 
than most of the previously obtained values. 


14. DIFFUSION MODEL OF THE PROPAGATION OF SOLAR 
COSMIC RAYS 


Different aspects of diffusion model of propagation of 
solar particles and basic results on interplanetary field, 
Spectra, duration af emission and other characteristics of the 
particles, obtained on the basis of this model, are described in 
this Section. . 


14.1 Applicability of diffusion approximation, In this 


approximation, motion of cosmic rays is considered similar to 
diffusion of molecules in a gas with velocity v equal to the 
velocity along the lines of force of the magnetic field, and 
effective mean free path A which characterizes configuration of 
the field (in the simplest case, A is the size of region with 
approximately uniform field). One of the possible objections 

to this model lies in the fact that cosmic particles must move 
Strictly along certain lines of force in accordance with con- 
servation of adiabatic invariant. However, even within the | 
framework of the views on adiabatic movements, it is necessary 
to consider drift of particles related to nonuniformity of the 
field and leading to transition of particles from one line of 
force to another. Moreover, adiabatic consideration in general 
is not applicable to that case when the density of the energy of 
the cosmic rays becomes comparable to the density of the 
energy of the magnetic field. In this case, the field no more 
defines the movement of cosmic rays but the cosmic rays them- 
selves, toa great extent, determine the configuration of the 
magnetic field. These two considerations provide a base to 
visualize inevitable stirring (isotropization) of cosmic rays 
which can approximately be described by diffusion equation 


[L2i]}*. : 


* As shown by Parker [1.61], there can be two mechanisms of stirring of 
particles in the interplanetary space: I - diffusion of fast particles in the 
passive scattering medium; II - diffusion due to movement of magnetohydro- 
dynamic waves (the medium is active but.the particles passive), The 
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In the recent past, a new approach was sug gested to the 
problem of isotropization of cosmic rays based on plasma 
effects. V.N. Tsytovich [40] considered two mechanisms of 
isotropization: 


1) beam unstability of cosmic rays; 


2) their scattering at turbulent fluctuations of plasma. 


It was shown that, at the initial stage of development of 
beam unstability, there appear nonlinear effects of interaction 
of generated vibrations which, in the case of anisotropic relati- 
vistic particles, lead to liquidation of unstability and to dis- 
continuance of isotropization process at very low values of 
energy passed on to plasma fluctuations by cosmic rays. How- 
ever, in the preSence of ionbeams, in plasma, having average 
velocity more than or of the order of thermal velocity of ions 
in plasma, the nonlinear effects, on the contrary, facilitate iso- 
tropization. On the other hand, isotropization of cosmic rays 
due to scattering at high-frequency turbulent fluctuations of 
plasma or at hydrodynd. ric fluctuations, excited by some sources 
is very effective. Applicability of these effects considered by 
V.N. Tsytovich [40] to solar cosmic rays in the inter planctary 
plasma has not been studied upto this time, Apparently, there 
arise certain difficulties connected with the short-lived ani- 
sodropy of cosmic-ray flares. 


Thus, sufficiently high degree of irregularity of inter- 
planetary magnetic field is necesSary for applying the diffusion 
approximation. Without referring to the causes of the origin 
of magnetic irregularities, it should be mentioned that their 
existence in the interplanetary space is indicated by such 
experimental facts as isotropy of the beam of solar particles 
near the Earth some time after the commencement of the flare 
and decreaSe in their intensity approximately according to the 
law ~ t-3/2 which corresponds to the case of three -dimension- 
al isotropic diffusion, widening of the image of the source of 


Solar cosmic rays, displacement of shock zones for solar 
————— : 

second mechanism is apparently more effective in higher regular fields | 
(local fields on the Sun, geomagnetic field, etc.) while the first mechanism 
is probably more effective in the interplanetary space where the field is 
weak and irregular [21, 30] and the velocity of magnetohydrodynamic waves 
is small. 
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particles with simultaneous widening (arrival of particles in the 
prohibited zones), delay in the arrival of low-energy particles 
as wellas direct measurements (see Section 13). 


Requirement of independence of solar particles during 
their motion in the interplanetary as well as geomagnetic 
fields is of no less importance. Satisfaction of this require- 
ment for interplanetary space does not apparently lead to any 
doubts if the weak intensity of interplanetary fields (10-3 -10% 
gauss) and low concentration of solar cosmic rays ( ~10-8 cmv 
for protons with €, ~ 100 Mev, according to Obayashi and 
Hakura [11.%1]) are taken into consideration. As far as motion 
of solar particles in the interplanetary field is concerned, 
this problem was considered in detail in Section 7. 


If follows from the above-mentioned facts that explana- 
tion to the motion of coSmic rays (accuracy of diffusion approxi- 
mation, role and mechanism of disturbances in adiabatic 
invariant, mechanism of isotropization of cosmic rays) still 
remains an urgent theoretical problem. 


Diffusion equation. Formally, it is necessary to satisfy 
two conditions in order to apply the diffusion equation. Firstly, 
concentrations of particles must satisfy the equation of 
continuity. 

on : 
+ =—~divF. (14.1) 
Secondly, flux F must be proportional -to gradient n taken with 
the opposite sign: 
= — xgradn. (14.2) 
Combining (14. i) and (14.2), we get diffusion equation 


& =div fu grad a], (14.3) 


where diffusion coefficient % can in general depend on the 
coordinates of the point of observation. If 2© = const, 
equation (14.3)takes a very simple form: 


St x An. (14.4) 
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While studying propagation of solar particles in the 
interplanetary space, use is often made of the solution of 
asymmetrical parabolic equation of the type 


Fanda+Fer, O, O<r<o, £>90, (14.5) 


at zero initial conditions n(r,@) = 0 where n is the concentration 
of particles; 7% = A yv/3 is the diffusion coefficient of particles 
of velocity v and transport range A and F(r, t) is the power of 
the source (injection function). Solution of equation (14. 5) at 
zero initial condition in the case of a point source F=F(t) § (r) 
has the form 


t 
, Fq@) 
ae N= GS way) ta 


Diffusion equation is a simple consequence of the general 
problem of arbitrary straying of a large number of particles 
without any mutual effect (see Chandrasekar [41]). In order to 
describe motion of particles in the interplanetary space 
correctly, it is necessary to use the integral (kinetic) equation 
(see Section 16). However, the differential equation which gives 
an approximate description of the process of propagation, is 
solved so simply that it is SEpropriate to use its solutions if only 
they are b6uitable. 


epee cane 
e 4A (tf ~1) dt.. (14.6) 


In diffusion equation, there is first derivative af t 
while in the wave equation there is second derivative. This 
difference leads to the fact that solutions of diffusion equation 
are stable and singular only at t70. As is known, dependence 
on time for wave equation has the sinusoidal form exp (- i@t ). 
However, as will be shown below, the term for diffusion 
equation giving dependence On time has the form exp(-r°/4%t), 
i.e., it is asymmetrical with respecttot, Att>0, this term 
decreases exponentially while at t <0, amplitude of the wave 
infinitely increases with an increase in |tl. 


Directional effect, with time, of the solution of diffusion 
equation is the result of the fact that this process reflects 
the behavior of some mean distribution of many particles. As 
it follows fram the theorems in thermodynamics, nonuniformi- 
ties in these mean distributions, which could exist in the 
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beginning, get smoothened with the passage of time and it 

leads to an increase in entropy. It is equivalent to the confirm- 
ation that the phenomena described by diffusion equation have 
statistical nature (see Mors and Feshbakh [42]). 


Let us mention one more important aSpect. If we con- 
sider diffusion of particles from a point’ source in an infinite 
uniform medium, in the stable regime (uniform emission of 
particles in all directions), we get that concentration of 
particles decreases with distance as ~ 1/r in place of the 
law ~ 1/r2 for vacuum when the particles move from the 
source in straight lines (see [43]). Obviously, particles just 
near the source undergo first collisions ata distance equal to 
the mean free path. If the source is enclosed by a concentric 
sphere whose radius is small as compared to the mean free 
path, there will be a very small number of collisions in 
the sphere. Consequently, expressionfor yn near the source 
will have the term~1/r@ while from the theory of diffusion, we 
get the law of change of concentration n~w1/r at every value of 
r in the atable region. 


_Explanation of this paradox lies in the fact that the 
diffusion theory is not applicable to small distances from the 
source. While deriving the basic postulates of diffusioz theory, 
it is implicitly assumed that this theory is validatr>A. 
Therefore, conclusions of diffusion theory are not reliable at 
rgA. In other words, solution of diffusion equation is not 
applicable till a time t >A/v has passed after the exit of parti- 
cle from the source. The diffusion theory is also not applicable 
at distances r <A from the boundary where properties of the 
medium change significantly or in the system whose dimensions 
are comparable to. A . 


Elementary diffusion model, As is abvious from (14.6), 


Solution of equation (14. 5) at zero initial condition is defined by 
the form of function F. If we take F (r,t)= N5(r) 8(t) where N 
is the total number of particles emitted and J is the delta 
function (i.e., if we consider a point and instananeous source), 
from (14.6) we get 


r- 


a(r, )=——- ecrad e t, (14.7) 
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At 96 = const (diffusion in isotropic infinite medium), this 
solution corresponds to diffusion model which in future will be 
called as elementary model. 


It is easy to notice that the curve (14.7) describing 
diffusion "wave'' is asymmetrical with respect to t and has 
maximum at 


tmx = Gy’ (14.8) 


and the concentration at this point is equal to. 


Mm (> tonax) = uit V4) e-#, (14.9) 


From the expressions (14.7) and (14. 8), we directly 
get a number of important conclusions, 


1) Att > r@/49e , the exponential factor in (14.7) does 
not play a significant role and the concentration starts decreas - 
ing according tothe law n~ t-3/2 | This time variation of 
concentration is the most significant symptom of the relization 
of three-dimensional diffusion in the isotropic infinite medium. 


2) Since Ere as ity 2 Tis proportional to concentration of 
particles, the graph In (3/2) as a function of t-1 will be a 
straight line, the eel of inclination of which is determined by 


the parameter —r 214 3% from where value of % can be found 
out. 


3) I¢%= Av/3 and A does not depend on the energy of 
particles, then tmax = r2/2vA~ v-1, 


4) If N = N(R) is the rigidity spectrum of particles at the 
time of emission from the accelerating region (i.e., if it is 
assumed that the beam of solar particles is not monochromatic 
as is observed in practice) and if A(R)~ R*%, the observed 
spectrum after some time will have the form n(R)~ N(R)R--30/2 
i.e., the spectrum at & > 0 must soften with time, 


Dimensions of the region being studied from the data 
on solar cosmicrays, As is seen from (14.9), concentration of 
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particles, at maxinmmm, decreases on increasing the distance 
from the source according to the law ~~ r-3, The distance at 
which the concentration of solar cosmic rays becomes com~ 
parable with the concentration of galactic cosmic particles on the 
Earth's orbit has been estimated in the work of L.L Miroshni- 
chenko [44] on the basis of (14.9}. 


If the spectra of protons and a-particles, obtained by 
McDonald and W ebber [45], are used and if the ratio of 
intensities of a-particles and heavier nuclei is considered to 
be 9:1, it is possible to calculate the concentration of the toial 
beam of galactic cosmic rays on the Earth's orbit. This value 
was found to be equal to 1.2 x 10!9 om-3 [1.21] for the mininwm 
solar activity on the assumption that cut-off of primary spect-. 
rum in the solar system was compietely absent during measure- 
ments [45] (1955-56}, i.e., undistorted spectrum of galactic 
cosmic rays was observed. In the opposite case, the obtained 
value gives the lower limit of concentration. Thus, we wii 
consider that this value corresponds to concentration of cosmic 
rays in the interstellar space and that at maximum solar 
activity, it decreases at the Earth's obit by not more than two 
times ({1.2], Section 3}. 


Let us now use data on the maximum amplitude of the 
outburst for February 23, 1956 flare. According to[1.2], 
neutron monitors on the Earth's surface recorded an increase 
in intensity by ¢ 50 times which corresponds to the increase in 
the interplanetary space by < 103 times. Thus, we get Nyjax 
(ry )= 1.2 x 10-7 cm-3 at the Earth's orbit (r = ry). On 
the basis of (14.9), following relation can be written: 


A ax(l ("= a 

sees) (7) ; (14.10) 
max \ Z, rs 

Putting nmax (ry )=1.2x 10-10 cm-3, from (14.10) we get 

rx, = 10a.u, [44]. If the value of the diffusion coefficient 

% =2 x 1022 cm sec-! is taken for relativistic particles, 

maximum concentration at a distance of ry from the Sun will 

be observed at tmax(rx) = 2 x 1059 sec. Concentration of parti- 

cles at the Earth's orbit at this time can be determined from 

(14.7) by putting N = 1032 particles [I, I]. From the order of 
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parameter, n(r¢ ) is found to be approximately equal to 
10-12 ¢m-3 which constitutes ~ 1% of the concentration of 
galactic cosmic rays near the Earth's orbit. 


According to Kane [46], neutron monitors at the Earth's 
Surface can record fluctuations of intensity with an error of 
about + 1% during the two hours of recording. Thus, at that 
time when concentration of solar particles becomes comparable 
to the concentration of galactic cosmic rays at a distance of ry= 
10 a.u. from the Sun, concentration of solar cosmic rays on 
the Earth's orbit will practically be beyond the limits of sensi- 
tivity af the main recording instrument, i.e., neutron monitor, 
It should be mentioned that the error of + 1 % refers to the 
values. of intensity during 2 hours and therefore, application of 
data for lesser period of time will only reduce the recording 
accuracy, 


It can be concluded from the above-mentioned facts that 
solar cosmic rays, recorded on the Earth, give information 
about a space of radius <10a.u. This estimate should also 
be considered as the upper limit since the data on February 23, 
1956 flare - the most powerful of all the flares observed up to 
this time - were used in calculations. As a matter of fact, the 
maximum amplitude of increase for the remaining flares was 
by 1-2 orders less than for February 23, 1956 flare [1.2] which 
decreases ry by 2-5 times, Consideration of the decrease in 
the intensity of galactic cosmic rays by 2 times at the maximum 
solar activity insignificantly changes the parameter r, = 12.6a.u 


If we base upon the data of February 23, 1956 flare, an 
increase in the accuracy of recording to + 0.1% during 2 hours 
of the operation of instruments, achieved for neutron super - 
monitors (see the work of Carmichael [1. 8]), can increase ry 
up to21.5 a.u. However, increase in’the flux of solar parti- 
cles over the background by ~ 0.1% is comparable to the 
amplitude of other types of variations of cosmic rays({1.2], 
Section 3). Thus, it can be assumed within the framework of the 
diffusion model under consideration that the dimensions of the 
region which can be studied from the measurements on solar 
cosmic rays are not more than 10 a.u. 
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Rate of diffusion. Obviously, rate of diffusion should be 
considered as the rate of displacement of the crest of diffusion 
"wave", i.e., the rate of displacement in space of the maximum 
intensity determined from the relation (14.8). If, as usual, 
we take vq = dr/dt, from (14. 8), we get 


a= =. (14.11) 


If the medium is infinite and uniform, the characteristic volume 
occupied by particles during their propagation from the point of 
emission increases and the concentration decreases, The value 
of vg can naturally be considered equal to the rate of incréase 
of this volume. Therefore, on the basis of (14.11), it can be 
written that r =[6 ‘%t. If the volume increases in k measure- 
ments, the law of conservation of number of particles, follows 
the requirement nr*~ const from where we get the power 

law n~t-k/2 ¢or the decrease of concentration. If k= 3 (three- 
dimensional diffusion in an uniform infinite space), in accord- 
ance with (14.7), nwt-3/2, 


Let us compare this case of diffusion from a point: 
source in an infinite medium with the diffusion from a source 
situated at some finite distance rg from the open boundary 
where n tends to zero due to free flow of particles into infinity. 
In the initial period (at r¢g<ro), solution (14.7) of the diffusion 
equation is valid for infinite medium; i.e., decrease of con- 
centration follows the law ~ t-3/2. However, in the case when 
a sufficiently large number of particles start reaching the 
boundaries and coming out of the region of diffusion, the 
characteristic dimension of the space occupied by particles 
obviéusly stops increasing (at least in the direction of the open 
boundary) and remains confined toa value of the order of ry. 
According to (14.11), the average rate of diffusion in this case 
remains constant. Flux of particles is equal tonvg=n3 /rpg 
and dn/dt is proportional only ton, The parameter To wr’ /s¢ 
will obviously be the characteristic time constant. Asa 
result, we get the exponential law of decrease of concentration: 
n~vexp (-t/T,). As mentioned by Simpson [47], constancy of 
the form of spectrum with time should be one of its important 
con Sequences, 
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14.2 Diffusion equation and nature of diffusion medium. 


The elementary diffusion model comes across certain difficul- 
ties. It, for example, cannot explain the anisotropy of solar 
particles which is observed on the Earth's surface as well as 
in the interplanetary space (see Sections 10 and 11). More- 
over, the observed intensity of solar protons in the beginning of 
the outburst in some cases is less than that expected on the 
basis of the elementary model, i.e., graph of the dependence 
for some interval of time which, for example, for September 
28, 1961 flare coincides with the duration of anisotropy (about 
1.5 hrs,). Explanation of this effect can obviously be found by 
modifying the elementary model by considering the nature of 
the diffusion medium, 


Nature of the medium is accounted for in the equation 
(14.5) by the diffusion coefficient. In an isotropic medium, 
diffusion coefficient is a scaler 2€, which in the kinetic theory 
is expressed by Av/3. As shown by Allis [48], diffusion 
coefficient in the presence of a regular magnetic field is a 
tensor defined by the relation 


FP, = — grad, (x,;7), (14.12) 


where F; the i-th component of the flux of particles and'n is 
the concentration (i= 1,2,3). Tensor vt described through 
matrix has the form 


1 0 0 
v? —ov 
pj % 0 v7? = o? v2 @? , (14.13) 
0 vo v2 


vV-to? va? | 


where = v/A is the frequency of collisions of particles with 
irregularities of the magnetic field and © = eH/mce is the 
Larmorov frequency in the regular field H. 


Equations (14,12), (14.13) along with the continuity 
equation (14.1) give 


eon f2 (a2) 4ic@e}m 44s 
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where 
QO [.; 0 1 @ 
LQ, o)=ahg wy (sim?) +areaye (1419) 
Y= vi(v2+ 0). (14.16) 


The equation (14. 14) must be supplemented by the initial condi- 
tions. 


n(r, 0) = d(r —ro)= 
(o) 


a 


2 5(rF —ro) d(H — Hy) 5(P — Fp), (14-17) 
{o] 


where N is the total number of particles of velocity v emitted 
at t= Oat the pointr=rg , p =O, p= CSO, . Thus, 
equations (14. 14)-(14.17) completely define space-time distri- 
bution of solar particles in the interplanetary space with the 
consideration of the position of chromosopheric flare on the 
Sun's disk (Fig. 14.1) 


Point of observation 


Fig. 14.1. Consideration of the position of chromospheric flare on the Sun 
while solving diffusion equation for solar parricles. 
In the limiting case of very strong magnetic field 
(W—»em V0), solution of equation (14. 14) at initial conditions 
(14.17) has the form (see Fibich and Abraham [49]) 


a(r, t)= 
N 1 { f—To.) r+roy 
se Tagg ee) ez, (to) 
(40% pf)" rrp 4xof 4xot 
Xd(p — Hq) 5(@ — F) (14.18) 
This expression is essentially superposition of solutions 
of the one-dimensional diffusion equation. It is not strange 
since in the case of a very strong field, particles emitted at 


the point rg have very small radius of curvature and there- 
fore, can propagate only along the natural line of force passing 
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through this point. Ifrg-70, i.e. if. the beginning of flare is 
displaced to the point of convergence of the radial lines of 
force, in the limiting case, we get : 


lima(r, t)= a exp (— &) (14.19) 
(4axgt)® 4xet J” 

which coincides with the solution for the case of three -dimen- 

sional diffusion. 


Let us now study the case of a strong but infinite mag- 
netic field when the condition ¥<<1 is satisfied. This condi- 
tion means that w%<<! where T=v-! is the average interval 
between collistons. If the mean free pathA= v @ does not: 
depend on the velocity, this condition can be written as AS<<f 
where § = cp/eH is Larmorov radius of particles. Under 
certain simplifying assumptions, the following expression was 
obtained in [49] 


1 r—r rr.62 
nr, )== aoe exp| — (tol a) — 538, (14.20) 


where the effect of magnetic field (factor 1/ ¥ ) and position 
of chromospheric flare (point with coordinates rg, §,) 

have been taken into account. It is seen from (14. 20) that in 
this case, there muSt be exponential anisotropy at the obser - 
vation point. Expression (14.20) is similar to the result 
obtained earlier by V.I. Shishov [50] where the differential 
approach was used for solving the problem. Simultaneous 
measurements during one flare with the help of many space 
rockets are apparently necessary for camfirmiing the angular 
dependence of concentration of particles in the interplanetary 
space, 


Comparison of the results (14, 18) and (14.20) facilitates 
the assumption about the possibility of transition (dur ing initial 
stage of the event) from one-dimensional to three -dimensional 
diffusion. The transition time should probably depend on the 
intensity of magnetic fleld. Study of this problem on the basis 
of Boltzman's equation (see Section 16.5) helped to get the 


simple relation t,= S3s/#> ~$Ho/vp for transition time where $ 
is the distance af observation point from the axis of the regular 
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magnetic field. Thus, higher the intensity of the regular com- 
ponent of the interplanetary field,. more will be t, and more 
effective the mechanism of scattering of particles (factor y-l), 
the lesser will be %. Moreover, it can be seen from the ex- 
pression for t that the transition time is inversely proportional 
to the momentum of particles. 


Scattering af particles at the irregularities of the field 
in the presence of a weak but extending regular magnetic field 
was also studied by L.I. Dorman [51]. It was shown that for 
particles of sufficiently high energy (cp 2 ZeHo A ), the 
diffusion will be isotropic. The significant dependence of the 
outburst amplitude on the position of chromospheric flare on the 
Sun should not be observed for such particles. Qh the other 
hand, diffusion of low-energy particles (cp <éZeH,A) will 
only be along the field and the diffusion transverse.to the field 
will practically be absent, i.e., this problem to a first approxi- 
mation can be considered as a one-dimensional problem, 


If cp~ZeH, A , the diffusion will mainly be along the 
field but diffusion transverse to the field should also taken 
into consideration, The critical case cp,,;= ZeH,A is-of great 
interest. A study of large and small flares of cosmic rays 
shows that cp,, changes from event to event in extremely wide 
limits depending on the state of the interplanetary medium but 
the most probable value is apparently of the order of a few Gev. 
To be certain, if we assume cpcr ~ 3 Gev for protons and 
considering that for such energies A~1 012 cm, it is poss ible 
to estimate the intensity of the regular component of the 
interplanetary magnetic field Hp > 10°5 gauss which is in 
agreement with the results of direct measurements by space 
rockets (see, for example, the work of Coleman [2 0]). 


14.3 Possibility of the existence of magnetic boundary of 


the diffusion region. As shown in Section 10, intensity of solar 
cosmic rays in some cases decreases according to an exponen- 
tial law. This fact can be related to the presence of a boundary 
of diffusion region at a distance r, from the Sun. In this case, 
the problem of propagation of solar particles in a limited 
spherically symmetrical medium 0 Gr € ro is solved at the 
follow ing initial and boundary conditions : n(r,0) = ng and 

(ro, t)= 0. Solution of such a problem has the form 
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a 


__ Qo NV (— It! aes n? jPxd 
a(r, i= rr exp | — z | (14.21) 


where % is the value of diffusion coefficient averaged along 
whole of the diffusion volume and % = const atr< r, and %—>oo 
atr>ro, It can be shown that attz r2/ 46 » contribution 

of the terms with j > 1 to the sum of series (14.21) is< 1%. 
Therefore, they can be neglected: 


Wf .:. W nxt 
ar, t)=- — — - 4. 
(r,t) ~~ sin = exp| eo (14.22) 
It is not difficult to show that the solutions (14.7) and 
(14.22) coincide with an accuracy up to the constant factor 
right up to the time determined by the relation t we r@ /102€ , 
Starting from this time the concentration nmst decrease accord- 
ing to the exponential law n ~exp{-t/T)) where the time constant 
of attenuation 


==> io (14.23) 


If (14.22) is represented in the form of dependence of 
Inn ont, angle of inclination of the obtained straight line 
will be defined by the parameter Top simultaneously related to 
two unknown parameters %andr,. It should be mentioned that 
ifryo> rg, during observations on the Earth's orbit, it is 
pos sible to use the solution (14.7) up to the time till the crest 
of diffusion "wave" attains a distance of rg. Thus, by fixing 
the maximum outburst near the Earth and by determining the 
value of 3% from (14. 8), it is possible to get the value of T, 
from (14.23) by putting % = const right upto r=r,. As will be 
shown in Section 14.4, diffusion coefficient depends on the 
rigidity of particles. Therefore, if 2 is obtained by averaging 
along a wide interval of energies, the value of r,, in the case of 
exponential decrease will correspond to some effective boundary, 
It follows from this that Tg = Tg (R) and the a values of T, and 
Fo must decrease with an increase in rigidity. 


The exponential decrease was for the first time observed 
in the measurements of Anderson et al. [IL 90] for May 4, 
1960 flare. Afterwards, a similar effect was observed in a 
number of other cases. Most of the experimental data on this 
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problem are summed up in Table 14.1. Obviously, the data of 
this Table should be analyzed by considering the conditions under 
which one or the other outburst was observed. For example, 
from the data on 1st outburst on November 12, 1960, the un- 
ambiguous conclusion should not be drawn that Tg increases 

with an increase in R since the electromagnetic situation in 

the interplanetary space during this pexiod was extremely com- 
plicated. 


The dependence Ty (R) can be studied only for a specific 
flare with the help of data on particles of different energies. It 
is obvious from Table 14.1 that September 28, 1961 [1.23] and 
February 5, 1965 [III. 102] flares are most suitable for this 
purpose. Dependence To(R) for these flares is shown in 

‘logarithmic scale in Fig.14.2. It is seen that Ty ~R2- 50, 5 

in the rigidity range of 0.6 -1.2Gv. The value “To =6.5+0.5 
hrs, calculated by us for January 28, 1967 flare lies well on 

the obtained straight line. From the measurement data of 
Heristchi et al, [II. 107] for the July 7, 1966 flare, it is 
possible to get the value To = 4-5 hrs which is close tothe value 
of T, for September 28, 1961 flare at RR 7 1.2 Gv. 


Toe bre 


2a| 


4& Sep. 28, 1961 
@ Feb. 5, 1965 
@ Jan, 28, 1967 


hm & BAG @2S 


‘ya ae ST a 
Fig. 14.2. Attenuation time constant as a function of rigidity of particles for 
the flares of September 28, 1961, February 5, 1965 and January 
28, 1967. 
The situation gets complicated at very low rigidities. 
As is obvious from Table 14,1 and Fig. 14.2, time variation of 
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protons with R = 0.18-0.20 Gv significantly differs from that of 
protons having R>0.25 Gv. It can be explained by assuming 
that the source has a spectrum with variable Y or that the 
propagation of particles differs from simple diffusion (for 
example, A depends on R). 


Had the radius of diffusion region been independent of 
the rigidity of particles (had rg been the boundary fixed in space), 
the characteristic attenuation constant To, according to (14.23), 
would have been defined only by the diffusion coefficient. The 
relation Tg¥¥ ~ R-1 would have been fulfilled in the non- 
relativistic region at A= const. At relativistic energies, the 
relation should be Tp~ A-! from where, taking into account 
the results of Section 14.4, weagain get Tp ~ R-1. The fact, 
that this relation does not conform to experimental data given in 
Fig.14.2, can testify to the presence of the dependence r,(R) 
which is defined by the structure of interplanetary magnetic field 
at large distances from the Sun. If the relation To™ R2. 5+ 0.5 
is valid in a wide range of rigidities, on the basis of the above- 
mentioned facts we get ro~ R(-9.5-1), Thus, it follows from 
these rough estimates that the radius of diffusion region at 
medium and high rigidities will hardly depend on the rigidity of 
particles. If it is assumed that rgwexp (-R/Ro), we get R~1 
Gv from the data on September 28, 1961 flare. 


Some examples of diffusion in a finite uniform medium 
have been studied in [1.61]. Diffusion through a thick spherical 
Shell at large values of t essentially leads to the same result 
as in the case of a limited sphere r,. The tendency toan 
exponential decrease of intensity which was observed at the 
final stage of the February 28, 1956 flare [1.4] can serve as an 
argument in the favor of 8uch a model. The problem of diffusion 
from a finite volume in the thick spherical shell, in the beginning 
filled with solar particles, should be considered in the presence 
af magnetic field mainly having radial direction inside the 
Earth's orbit. If the Earth is included in the injection cone, the 
transition from power decrease to exponential decrease will be 
defined by the relative dimensions of the cone and af the 
diffusion region. The caSe, when the Earth is situated in the 
shell at a distance from the base of the injection cone and 
especially, when the particles are emitted from a flare on the 
back side of the Sun, is of great interest. In this case, the 
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power decrease according to the law ~t-3/2 can be observed for 
a long interval of time only near the emission point (near the 
base of the injection cone). The intensity at the Earth, almost 
immediately after attaining the maximum value, should decrease 
according to the exponential law while the maximum intensity, 
owing to prolonged diffusion of particles around the Sun and exit 
from the shell, will not be more than 1% of the maximum inten-~ 
sity of particles generated on the visible side of the Sun. 


Equation of one-dimensional diffusion in a limited layer 
of thickness xo and having an absorbing boundary is studied in 
the work of G.F. Krymskii [53]. The comparison of the obtain-~ 
ed solution with the experimental data on February 23, 1956 
and May 4, 1960 flares favors the assumption that the region of 
diffusion af solar cosmic rays was limited during these flares. 
According to the estimates [53], dimensions of diffusion region 
are Xo Z, 0.7 acu. andxo9 <3.0a.u. respectively for the flares 
of May 4, 1960 and February 23, 1965. According to L.L 
Dorman and G.I, Freidman [54], analysis of spreading of the 
effect of February 23, 1965 flare on the Earth shows that the 
intensity of solar cosmic rays is almost isotropic during the 
attenuation period. Therefore, it can be considered that the 
diffusion region during this period actually extended beyond the 
Earth's orbit. According to the data of McCracken [4], the 
observed anisotropy of the beam of solar cosmic rays on May 4, 
1960 proves the fact that the diffusion region was mainly situated 
in the Earth's orbit. The results obtained in [53] agree with 
the views about the radial nature of the interplanetary magnetic 
field twisted by the rotation of the Sun. 


Comstancy in the form of spectrum of solar particles 
from February 23, 1956 flare (see Section 2) with the passage of 
time (within the limits of experimental errors) can serve as an 
additional argument in favor of the assumption that the diffusion 
region is limited. It should be mentioned that such an effect can 
be observed only when %is independent of rigidity or under the 
condition that rg = const. 


The problem of the existence of a magnetic limit of diffus. 
ion region also attracts the attention of research workers ow ing 
to the difficulties of the general theory of modulation of cosmic 
rays in the solar system (for example, see the works of Sekido 
and Murakami [55] and of Davis [56]): 
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The problem regarding the limit of diffusion region is 
considered ina slightly different aspect by McCracken [4] who 
puts forward the assumption about the existence, in the inter- 
planetary field, of a clearly-defined magnetic barrier at r, = 
2.5 a.u. which reflects the solar particles, This assumption 
was necessary for explaining the 30-minute delay in the beginning 
of the effect from November 15, 1960 flare for stations situated 
on the nocturnal side of the Earth during this period as compared 
to the stations situated on the diurnal side. Moreover, in this 
way, it was possible to explain the rate of subsequent outburst ai 
stations on the nocturnal side of the Earth. McCracken's assum- 
ption [4] essentially eliminates Simpson's model [47] since the 
mechanisms of magnetic reflection in these models extend to 
large volumes in space (rg~ 5 a.u. [47]) and it will make the 
appearance of a sharply defined impulse of the outburst of 
intensity of solar particles on the nocturnal side of the Earth 
impos sible, 


The existence of magnetic boundary is doubted in the work 
of Warwick [57] because of the fact that solar cosmic rays from 
chr omospheric flares on the invisible side of the Sun are not 
observed if the November 20, 1960 event is not taken into 
account, According to Carmichael and Steljes [58], a small 
( x 10%) increase in the intensity of cosmic rays was recorded 
by different ground stations on this day in the absence of flares 
of class > 1 on the visible side of the solar disk. According 
to observations of Hansen [111.85] on large eruptive protuberan- 
ces, the only convincing cause of the observed increase can be 
the flare in the active region with the longitude 12° to the west 
of the central meridian, i.e., 30° from the edge of the disk, 


Thus, the problem of magnetic boundary of diffusion 
region remains far from being clear. The fact that r, depends 
on the rigidity of particles, apparently points out the change in 
the scattering properties of the interplanetary magnetic fields 
on increasing the distance from the Sun. Therefore, it is very 
impor tant to study the dependence To{R) in different rigidity 
ranges (from the data on ground, stratospheric and satellite 
measurements), 


Regular observations on comets (see the review of S.K,. 
Vsekhvyatskii [59]) can apparently give valuable information on 
the structure of field at distances ¢ 10 a.u. from the Sun. 
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14.4 Dependence of diffusion coefficient on the energy of 


particles and the irregularity spectrum of the interplanetary 
magnetic fieid. Numerous experimental data and theoretical 


calculations show that the diffusion coefficient increases on 
increasing the energy of particles. Therefore, the times of 
maximum intensities for particles of different energies will be 
different, shifting towards smaller values of t on increasing the 
energy and in accordance with (14.8), satisfying the condition 
tmax ros 1) From this, we geta simple practical method of 
calculating the dependence % ( &,), Asa maiter of fact, ty 
— .Ag %¢ in the form ge E78, we get the rejation tmax™ gy. ad 
Calculating values of tmax from this formula for different — 
values of a, along whole of the energy spectrum of solar cosmic 
rays and comparing the resulis with the experimental values of 
%€ near the Earth's orbit, it is possible to draw specific con- 
clusions about the value of aj. Such calculations were done by 
L,1, Dorman and L.I, Miroshnichenko [60] (aiso see V.K, 
Budilov et al. [61}) for values of a; from 0.1 to i. 0 and values 
of §&, from 1 Mev to20 Gev. From (14. 8) and from the above- 
mentioned facts follows the obvious relation 


z 1 
paealSy (14.94) 
ho 4 \e&, Mie 


Taking “%)=5.5 x 101 cm? sec-!, obtained by 4.N, Chara- 
khch'yan and T,N. Charakhch ‘yan [62] from stratospheric data 
on protons with &,7%0.5 Gev, and %%2 ~ 2.75 x 1022 cm2 
sec-!, obtained by A.N. Charakhch'yan et al, [63] from the 
data of ground measurements during large flares (for example, 
on February 23, 1956 and May 4, 1960) for protons with ©, = 
5.0 Gev, it is possible to notice that the valuea, ~% 0.7 
corresponds to such a ratio of. %i/ on Ie 2 ( &4) = v( oy) iN 
( é) /3 and if the relativistic expression (7.7) is used for the 
velocity of particle, we get 


A(e,)= const - en [1 —(1-e,fe.-?]-. (14.25) 


According to (7.7), velocity of particles re at €, << & 

and v 3% c= const at E>>€, which leads to different nature of 

the dependence of transport range on kinetic energy :A( E&,) ~ 

€ 217 9:5 at E.<< E. and A (€,) ~ E,% at é. >> é.. This 

difference is obvious from Fig. 14.3 Where the results of cal- 

culation of A from (14.25) are given in the logarithmic scale; 
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moreover, the energy scale has been replaced by scale of rigi- 
dities R and the conversion factor A (1Gv) = 1 has been used 
Studying the expression (14.25) for extreme points, it can be 
ascertained that the curve A( €,) has minimum at €.. = & 
{-1.5 + fa- 1) + 0.25 J]. This fact limits the range of possible 


values of a] from below since existence of minimmm in the curve 
A ( €,) at a} < 0.5 contradicts the usually adopted depen- 
dence of A on &, (the parameter A must increase or at least 
remain constant on increasing the kinetic energy ofa particle). 
At the remaining values a, > 0.5, a slow growth of A is5 observ- 
ed for low energies and the rate of change of A (Ey) increases 
significantly starting from the energies of the order of a few 
hundred Mev. 


aA ty a-10 
. 2 
1 @-Q9 
ed @ Of 
alia we ! i] ge. Gv 
-f 
“2 
all 
Fig. 14. 3, Dependence of transport range on rigidity of particles at different 
values of a, 


Let us compare the results [60] with the assumption of 

A.N. Charakhch'yan et al. [63] about the dependence of A on 
rigidity R : 

A~R’, (14.26) 


where a=0.5, From (14. 26),we get A~é,0- 25 at E, << E,. 
This result is in accordance with the dependence A ~€,0. 2 which 
follows from (14.25) ata, = 0.7. In the relativistic region, 
from (14,25) we get A~é,9. 7 while from (14.26), it follows that 
\~E,.0.5 on. considering that the rigidity at E>> a is defined 
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by the relation R~ E~€, where € is the total energy of a 
particle. Ontransition from the dependence A(R) to % (é ke 
by consider ing (14.26) we get 9¢~&,9 75 and2e~§,0-5 for non- 
relativistic and relativistic regions respectively. Thus, at 
by >> E5 there is some difference between the results given 
in [60] and [63] which, of course is not significant due to low 
accuracy of determining a anday. 


The experimental data, obtained by Bryant et al, [1.23] 
for the September 28, 1961 flare, made it possible to correct the 
values of 4) and to detail the dependence % (&,,) in different 
energy ranges. The details were worked out by L.I, Dorman anc 
L.I. Miroshnichenko in [64] and tmax, 2% and A were evaluated 
on the basis of the data [1.23] at different energies. of solar 
particles in the range €, = 10-500 Mey; As already mentioned, 
data of "Explorer-12"' [1,23] are of exceptional interest since 
the satellite at the time of flare was situated at a distance of 
about 80, 000 km from the center of the Earth (beyond the limits 
of magnetosphere) which facilitated measurement of differential 
Spectrum of protons with &, 2% 2 Mev for nearly 2 days after 
the chromosopheric flare. 


A flare of class 3 or 3+, recorded,in particular, by 
Moreton [65], occurred on September 28, 1961 in the active 
region of the Sun with coordinates of 15°N and29°E. The flare 
commenced at 2202 UT and attained maximum brightness in Hg- 
line at 2234 UT on September 28, 1961 and finished at 0130 UT 
on September 29, 1961. Observatories of the eastern hemi- 
sphere were situated on the noturnal side of the Earth 
during this period. According to the observations of Anderson 
and Winckler [66], the chromospheric flare was accompanied 
by X-ray radiation which started at 2207 UT and attained maxi- 
mum at 2217 UT. At the same time, radio emission of II, 
and IV types was observed by Maxwell [67] but the main radio 
outburst was recorded 22 minutes before the X-ray flare. 

Jean and Crary [68] also observed a change in the phase of low- 
frequency Signals reflected from the ionosphere especially 

over Uruguay at 2217 UT i.e. , at the time of maximum X-ray 
radiation. The magnetic field was quiet during the chromo- 
spheric flare. According to data [1.23], a large magnetic 
storm commenced at 2108 UT on September 31, 1961 (with 
Sudden commencement) which was accompanied by Forbush de- 
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crease in the intensity of cosmic rays on the Earth's surface, 
The Forbush effect was studied by Patel and Cahill [69] and 


was also observed on satellite "Explorer-12"' by Bryant et al, 
{i 23]. 


The chromospheric flare was accompanied by generation 
of solar cosmic rays which were recorded by Bryant at el. 


[ L123] on "Explorer-12"' and by Van Allen and Whelpley [70] on 
"In jun-1". 


Curves of time variation of the intensity of solar protons 
on the Earth's orbit, for different values of kinetic energy, are 
plotted in Fig. 14.4 on the basis of data [1.23] and it was assum 
ed that the particles were emitted at the time of commencement 


sS 
e 


el 


a proton.m”2eec"4 sterad”!. Mev 
S Ss 
Ss, Ss, 


Ss 


197 thd 0° gh 
t, sec 


Fig. 14.4. Time variation of solar protons of different energy from Septem - 
ber 28, 1961 flare. Calculated diffusion curve for % = 1 
cm2/sec is shown by dotted lines, 
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of the flare of X-rays (i.e. , at 2207 UT or 5 minutes after the 
commencement of chromoSpheric flare), The calculated curve 
obtained from (14.7) in arbitrary units at #= 10 2! cm2 sec! 
is also given for comparison. It is seen that for particles with 
ek = 10 and 30 Mev, the intensity after maximum, decreases 
approximately according to the law ~ t-3/2 in accordance 
with (14. 7) while the intensity of particles with &, 2% 100 Mev 
at large values of time has a tendency to decrease rapidly 
(approximately according to the law t-2 to t-2-5), On the basis 
of Fig. 14.4 and formula (14. 7), values of tmax, 7© and A 
were determined in [64] for protons in the energy range af 
10-500 Mev. , 


Curves of the dependence of tmax, 2% and A on the 
kinetic energy of protons are shown in Fig. 14.5. For parti- 
cles with §&, = 10-500 Mev, tmax changes from 3.16 x 104 
sec to 6,3 x 103 sec while 2€ lies within the limits (1. 2-6.0) x 
1021 cm2,sec-1, I is interesting to mention that the value of 
diffusion coefficient for particles with €,= 500 Mev (%=5.5 x 
10 21 cm2,sec~1) is exactly equal to the value obtained by A.N. 
Charakhch'yan and T.N. Charakhch yan [62] from the starato- 
Spheric data on May 4 and September 3, 1960 flares. 


Aicm 


% ,em*/sec 


1) — pe gs 


Eke Mev 


Fig. 14.5, Dependence of time of maximum, diffusion coefficient and trans - 
port range on the energy of particles for September 28, 1961 flai 
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If the dependence of diffusion coefficient on energy is 
approximated by the expression e~ ER, from Fig. 14.5, we 
get a, 0. 5 in the energy range of 10-600 Mev. As shown above, 
parameter a, cannot be less than 0.5 in the framework of the 
elementary diffusion model. According to Fig.14.3, the 
transport range at %,= 0.5 should practically remain constant 
in the energy range under consideration. This conclusion is 
confirmed by the graph of A( &,) in the upper part of Fig. 14.5 
where the value of A changes within the limits (6-8) x101! em. 
A similar result was obtained in the work of Bryant et al.. 

[1.54] in which the distance covered by particles in the inter- 
planetary space before attaining maximum intensity was 
evaluated. This distance in Vt,,a,/c units was found to be 
practically constant in the energy range of 1.4-500 Mev from 
where it follows that A= const while the diffusion coefficient 

was determined only from the velocity of particles: % ~V~"”R 

A similar dependence was also observed by the authors [I. 54] 
for the flares of November 10, 1961 (in the energy ranges of 
1,4-22 Mey and 55-500 Mev) and October 23, 1962 (4-330 Mev). 
Indications on constancy of A in the range ~ 40-50 Mev were 

also obtained by A.N.Charakhch'yan and T.N.Charakhch' yan 
[71] for the flares of September 3, 1960, November 15, 1960 and 
January 28, 1967 by comparing the time variation of solar 
protons in stratosphere over Murmansk and Churchill (neutron 
supermonitor), These results, summed up in Table 14.2, make 


TABLE 14,2 


Behavior of A at nonrelativistic energies 


Date of flare Energy A /1011, cm References _ 
_range, Mev 


Sept. 3, 1960 40 - 500 4 [71] 
Nov. 15, 1960 40 - 500 7.1-7.6 [71] 
Sept. 28, 1961 1.4 - 500 6 [I. 54] 
Sept. 28, 1961 10 - 500 6-8 [64] 
Nov. 10, 1961 1.4 - 22 9 {I 54]. 
Nov. 10, 1961 55 - 500 8.25 [I. 54] 
Oct. 23, 1962 4 - 330 9 [I. 54] 
Jan. 28, 1967 40 - 500 7.3 -7.4 [71] 


a 
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it possible to confirm that dependence 2#(&}) in the nonrelati- 
vistic region is, in general, satisfactorily described by the 
power function % ~ £,9-5, i.e.,2 ~U ~R at A= const*. 


The values of diffusion coefficient, obtained by Hofmann 
and Winckler [III.88] from the data of stratospheric measure- 
ments at high latitudes in July 1961 (2.2x1 021 cm2 sec! and 
3.4x102! cm*.sec™! for the flares of July 18 and 20 respectively), 
obviously, do not contradict the results.of L.I. Dorman and L,I, 
Miroshnichenko [64], because the stratospheric measurements 
in July 1961 were taken almost in the same energy range as on 
"Explorer-12" and therefore, the values of should almost be 
the same (if the conditions in the interplanetary medium were 
approximately the same for these events), , 


It should be pointed out that the above-mentioned estimates 
of ¥and A are applicable only to protons and to the case of 
uniform distribution of scattering centers in the solar system. 
Consideration of irregularities in the distribution of magnetic 
clouds and their movement in the interplanetary space leads to 
the dependence of # and A on the distance from the Sun and to 
the dependence of the time of maximum intensity on the velocity 
of magnetic irregularities (see Sections 14.6 and 14.9), 


The method based on the application of formula (14.24) 
contains the possibility, in principle, of differentiating the _ 
beams of solar protons and heavier nuclei owing to low rate 
of motion of nuclei with Z >1 in the interplanetary magnetic field 
(it is about double in the nonrelativistic region) as compared to 
protons of same rigidity. 


In connection with the question under consideration, it 
is necessary to mention two interesting results referring to © 
the dependence of 2¢(€ )in the case when diffusion takes place 
in the electromagnetic medium of the solar corpuscular beam. 
While studying the diffusion of galactic cosmic rays in the 
turbulent magnetizing cloud (corpuscular beam), Kitamur [72] 
found the dependence 2€ ~ € 9. 2 for particles of velocity y~c from 


* 
Physical sense of N is not at all obvious but the condition N= const boints 


big approximate constancy of properties of the interplanetary magnetic 
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where it follows that the transport range for diffusion is A~ R? e: 
This. result is difficult to explain within the framework of the 
elementary diffusion model since, as it follow from (13.8), the 
dependence A (R) at v ~¢ should be of-the form A ~R2, On the 
other hand, for nonrelativistic solar particles propagating in the 
corpuscular beams (for example, on April 1, 1960; November 
15, 1960 and on July 18, 1961), A.N.Charakhch'yan and T.N. 
Charakhch'yan [UI. 2] found that %~Vfrom where it follows that 
N= const. The last result does not contradict the estimates 

of L.I. Dorman and L.I. Miroshnichenko [64] for A C€,) 

from the data on September 28, 1961 flare with the only 
difference that the results [64] refer to steady interplanetary 
medium. Thus, there is no basic difference between the 
diffusion of nonrelativistic particles in the quiet medium and 
their motion in the corpuscular beam. 


Important results on the dependence A(R) were obtained 
by Yu.I, Stoezhkov and T.N. Charakhch'yan [73] from the results 
of the-study of the spectrum of 11l-year variations of galactic 
cosmic rays on the basis of the data of stratospheric measure- 
ments. AssumingA ~ R- (for protons with R >1 Gv) , it was 
shown that &@ 30.5 during 1959-63,421, 0 in the first half of 
1964 and az 0 in 1965. . 


The dependence A( €, ) was also studied by Krimigis 
[28] on the basis of.the data on September 28, 1961 flare. It 
was shown that A~1012 cm = const for energies from 500 Mev 
up to a few tens of Mev and that it quickly increases on decreas- 
ing the energy (Fig.14.6). This increase contradicts the 
‘results of all the works discussed above. The effect mentioned 
in [28] can be obtained only if the Larmorov radius is taken 
as the dimension of irregularity. However, transfer together 
with the moving irregularity becomes significant for particles 
having such a value of ? . 


According to the estimate of A. I, Kuz'min and G. F. 
Krymskii [74], who considered the dependence A (R) ~ R% 
on the basis of the data on February 23, 1956 flare, value 
of “ lies in the range 1.8-2.4, Such a value of % does not 
contradict the assumption about scattering of solar particles 
on magnetic irregularities of dimensions £<<J.In this case, 
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Fig.14.6. Dependence N(‘& ) according to [28]. 

in accordance with the formula (13.8), # = 2. However, it 
should be mentioned that the spectrum of direct beam of solar 
protons in the form R724, obtained by Pfotzer [1.45], was 
used in [74] as the spectrum of the source. It-will be shown in 
Section 14,7 that the spectrum of source for this flaxe was in 
fact much softer and the dependence of A on R is described by 
the relationA~R!-9, The value K= 0.7-0.8 was obtained for 
the February 23, 1956 flare in the work of A. N. Charakhch'yan 
and T, N. Charakhch' yan [71]. 


Thus, all the available experimental data on the depen- 
dence A(R) apparently satisfy the relation A ~ R“°% where 
OfK <1. 


Let us consider one more significant aspect. Calculations 
of L,I, Dorman [I.2], L.I. Dorman and Yu, G. Nosov [17] and 
of Parker [19] show that scattering at magnetic irregularities 
must lead to a strong dependence of A on the rigidity of particles 
R. For example, if it is assumed that there is a group of 
irregularities in the interplanetary space with dimensions ranging 
between &) and £,, Awill be defined by the expression (13.8). I 
the irregular field has the form Hg = const in a circle of radius 
r (plane problem), scattering of particles of relativistic as well 
as nonrelativistic energies will be described by the range A w 
R2/H.. In case H, ~ r-> (dipole field), we get the dependence 
Acw R™ 5/H. [17]. Exponential dependence of scattering on 
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rigidity, detected by Parker [19], follows from the assumption 
of exponential form of the irregular field. If it is assumed that 
the irregular field decreases according to the law ~ r-3, 

curve of the dependence of scattering amplitude on rigidity will 
be broader than the exponential curve. Moreover, analysis 

of measurement data on interplanetary magnetic field shows 
[20] that the magnetic irregularities are very diverse in 
dimensions. Therefore, the assumption of Fibich and Abraham 
[44] that the wide spectrum of irregularities in terms of 
dimensions together with the wide curves of the dependence of 
scattering amplitude on R can lead to absolute "smearing" of 
every dependence of Aon R, at least in the region of energies 
measured on satellites (106-109 ew ), is not baseless. 


Taking into consideration constancy of Ain the range 
€,. = 10-500 Mev, it is possible to determine the Jirnension Q 
of magnetic irregularities, distance ad between them and the 
intensity Hg of the field. As shown in Section 13.3, at 841, 
the mean free path of particles before colliding with the 
irregularities is equal to the transport range for diffusion 
which in this case does not depend on R, Let us, for example, 
put A = 7x10!1 cm and consider diffusion of protons with &, = 
500 Mev. Considering that the relations AZfand $ (500) < & 
are valid at 2¢<¢d, we get the intens ity of field at irregularities 
Hg > 5x10~© gauss. If @ =d, it is obvious that A~fand ~~ A 
Actually, if the condition § (500) < @ is satisfied, constancy of A 
will be disturbed at €, > 500 Mev for which $ (6:4). 2. Rests 
given in [48] refer to the range Ey = 10-500 Mev and therefore, 
it is impossible to observe the above-mentioned effect for 
September 28, 1961 flare, Therefore, the lower limit of the . 
intensity of field at irregularities Hg~5x10™~ gauss. 


There is another approach to the problem of irregularities 
of magnetic field in the interplanetary space. On the basis of 
measurements taken with the help of "Mariner-2" [III. 118], it 
is apparently possible to assume that H, = 10-5— 10-4 gauss, 

If it is so, the assumption that é=d should be immediately 
eliminated since in this case Hg = 5x107 gauss, The only 
possible case is when £<d.At Hg = 1074 - 107° gauss, we 

get 2~f(500) ~ 4x1010~ 4x10!lem, If the value of & for protons 
with & = 100 Mev is used, the above-mentioned values change by 
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about two times:£~§(100) ~2x1010- 2x10!1om, It follows from the 
assumptions made while deriving (13.1) and by considering the 
constancy of Ain the range é, = 10- -500, Mev that the average 
distance between irregularities d~( At )'2 (2-5)x10!1 cm at 

A= 7x10!1cem and £= 4x1019- 4x10!1cem, Thus, if the 

intensity of irregular field Hg = 10-5- 1074 gauss, the condition 
L<d(or even Leia ) is fulfilled satisfactorily. 


The results thus obtained open interesting possibilities 
for interpretation. Firstly, in accordance with (13,8), non- 
dependence of A on rigidity of particles with energies up to 
500:Mev means that there are irregularities with some minimum 
eize f,in the interplanetary space. Secondly, constancy of A 
and large distances between irregularities satisfy the assumption 
that the irregularities have very abrupt boundary (otherwise, 
the particles of low rigidity would have started "feeling" the 
field of irregularities earlier and would have led to significant 
dependence of Aon R). Such a conclusion contradicts the 
hypothesis of E. I, Mogilevskii [12] about the existence of plasma 
clouds in the interplanetary space whose magnetic field has 
forceless structure and can be represented by dipole field 
(H~r-3) at large distances co= the center of the cloud, 

Actually, in this caseA~ R® * 2 const [17] for particles’ of any 
energy. As mentioned in Section 13.3, scattering of particles by 
fields Hs ~ ris possible only at nv7l. eeults obtained in 


distance according to the law ~ r~"_ where n>3*, 


Similar results on the dependence A( € ) for the same 
energy range were obtained by Krimigis [28] from the data given 
in [1. 23]. In particular, dimension of irregularity with a field of 
about 4¥= 4x10° gauss was found to be Ay das -to’ Le = 9.10 10 cm. 
If it is considered that the value t= 4x16? cm wee obtained-in * 
[64] for the field Hy ~ 10-4 gauss = !0 ¥, conformity in the 
values of £, can be observed. 


A very interesting investigation on the relation bétween 
the phase of solar cycle and scattering properties of the 


*it should be mentioned that the relation between A and parameters of the 
interplanetary field is not singular since the mechanism of scattering of 
particles as well as configuration of the field are not known properly. i 
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irregularities of the interplanetary field was conducted by 
McCracken and Rao [75]. The authors [75] based their studies 
upon the assumption of Parker [76] and Axford [77] that the cosmic . 
particles. for which << will rotate along with the Sun. If the 
width of sectors with an arc of about 90° in the ecliptic plane at 
the Earth's orbit is taken as the value of @[II. 135], i,ew, Ox 

1,54 a.u., rotation will be observed for particles with R <150 Gv. 
It must lead to anisotropy of cosmic rays at the Earth's orbit. 
According to the analysis [75] for the period 1957-65, the 
observed average solar day anisotropy of cosmic particles with 
rigidities of 1-100 Gv is in agreement with the above -mentioned 
theory of joint rotation. Basing on the fact that anisotropy 
practically remains constant during this period, the authors 

[75] arrive at the conclusion that frequency of appearance and 
characteristics of magnetic irregularities with dimensions of 
10-3 to 107° a,u, at a distance of 1 a.u, from the Sun 
approximately do not depend on the phase of solar cycle, Thus, 
the results of McCracken and Rao [75] impose certain 

limitations on the mechanisms suggested for explaining the 
turbulent nature of solar plasma, 


Information on irregularities of plasma and field of 
dimensions less than 10-3 a.u. can be obtained from the 
observations on scintillation of cosmic radio sources, On the 
basis of observations on scattering of cosmic radio emission 
near the Sun, V.V, Vitkevich [78, 79] observed a scattering 
region near the Sun consisting of irregularities of magnetic 
field. According to V.V. Vitkevich and B, N, Panovkin [80], 
electron irregularities, observed during eclipse of the Crab 
nebula by supercorona of the Sun, mainly extend in the radial 
direction, According to the data of Erickson [81], this effect 
was observed right up to distances of 0,2 a.u. from the Sun, 


One of the last results on the observation of scintillation 
of radio sources was obtained by Hewish [82]. The observations 
were made with the help of three radiotelescopes situated at a 
distance of 50-90 km from each other, It was shown that the 
variations of plasma density have characteristic dimension 
of 300-400 km at a distance of 0,8 a,u. from the Sun, Drifting 

‘motion of diffraction pattern shows that the irregularities are 
taken away from the Sun at a velocity of 200-400 km/sec. 
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New de .2 on the small-scale irregularities of the 
magnetic field of the Sun and interplanetary plasma are given 
in the work of V. K. Vitkevich and N.A. Lotova [83]. 


During February-Jane 1966, Denisson and Hewish 
[132] took measurements on the intensity. and velocity of solar 
wind with the help of three antennas of radiotelescope at. 
Cambridge at a frequency of 81.5 MHz. It was found that the 
velocity of wind from polar regions of selar atmosphere is 
much more than that in the ecliptic plane (this conclusion 
was drawn on the basis of observations on the source 3C48 
and the radio source in the Crab nebula), It was shown that the 
dimensions of electron irregularities slightly increase with 
an increase of heliocentral distance, 


In the end of this Section, it should be mentioned that the 
possible change in the energy of particles during their 
propagation has not been taken into consideration in the 
diffusion model under reference, i,e, it was assumed that |» 
= const. The obtained values of and tare average values for 
some diffusion volume during he measurement period. It is 
also obvious that the assumption put. forward by some research 
workers (see, for example, the work of Bennet [126] about the 
dependence of average 3 on t (during observations on a specific 
flare at the sare station) is actually another formulation of the 
dependence of¢¢on the energy of particles. 


14.5 Dependence of diffusion coefficient on the degree 
of solar activity, Accordong to numerous data on the observation 
on solar cosmic rays, the transport range for diffusion hardly 
depends on time during the cycle of solar activity. Itis in . 
agreement with the results obtained by McCracken and Rao 
[175] from the analysis of daily anisotropy of cosmic rays during 
1957-65. It should however be expected from general 
considerations of the change in the degree of disturbances in the 
interplanetary medium during solar cycle that diffusion coefficient 
(transport range) will, with the passage of time, change its 
dependence on the energy of particles and distance from the Sun, 
In this connection, the indications on the possible dependence . 
of 9% on the degree of solar activity, obtained by A.N.Charakhch' 
yan et al. [84], are of great interest (also see the work of A. N, 
Charakhch'yan and T, N. Charakhch'yan [85]. 
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According to [84], solar cosmic rays, apparently 
generated by two class 3+ chromospheric flares (at 2351 UT on 
September 20 and at 0710 UT on September 26, 1963 respectively) 
in the region with heliocoordinates 11°N and 9 °w, were recorded 
in stratosphere over Murmansk and simultaneously over Mirny 
(Antarctica) on September 21 and 26, 1963. Differential energy 
spectra of protons for these flares were practically the same 
and the index in the energy range of 120-200 Mev was approxi- 
mately equal to 4.6, i,e., it hardly differs from that measured 
by A. N. Charakhch'yan and T. N, Charakhch'yan [III. 94] 
during the July 12, 1961 flare. It should be mentioned that at 
proton energies & <100 Mev for September 21, 1963 flare, the 
index of spectrum, according to the data of Pfotzer et al. [86] 
is close to ¥=3.0. | 


Low degree of solar activity is a significant peculiarity 
of the period September 21-26, 1963. Although the data obtained 
by A, N. Charakhch'yan [84] are very scanty, a comparison with 
other flares shows that the value of %in September 1963 was 
more than the values obtained earlier in the same energy -— 
range. The specific tendency of diffusion coefficient to ineeoane 
with a decrease in solar activity was: observed. . 


Time dependences of the number of primary pretons 
are shown in Fig. 14.7 for the following flares: May 4, 1960 
from the measurement data of A.N, Charakhch'yan et al, [613] 
for protons with E7100 Mev (curve 1); July 20, 1961 from the 
data of Hofmann and Winckler [III. 88] over Churchill for the 
same energies (curve 2); October 23, 1962 from the measure- 
ment data of Bryant et al, [1.54] on "Explorer-14" for protons 
with &, = 130 Mev (curve 3); September 26, 1963 from the 
data of A, N, Charakhch'yan et al, [84] (curve 4). Time from 
the commencement of chromospheric flare is taken along the 
abscissa and intensity in arbitrary unite, along the ordinate. 
The data were processed in such a way that the number of 
particles at the maximum of each flare was the same. There 
are two measurements for the September 26, 1963 flare -- one 
measurement was taken 0.8 hours after the chromospheric flare 
and the second, after 9 hours (squares in Fig. 14.7). The first 
point for t = 0.8 hours on September 26, 1963 flare coincides 
with curve | along the ordinate. Position of the experimental 
point for t = 9 hours which lies considerably below the ordinates 
of curve 1-3 is determined by this standardization. 
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Fig. 14.7. Time variation of solar protons for the flares of May 4, 1960 . 
(1);July 20, 1961 (2);October 23, 1962 (3) and September 26, 1963 
(4) [84]. 
A rapid fall of time dependences for later flares after 


‘the maximum is obvious from Fig. 14.7 which can indicate an 


increase in 3 with a decrease in the activity of the Sun. Increase 
in € is equivalent to a decrease in time scale t. Shifting the 
measurement data towards right till they coincide with the 
ordinate of curve 1, i,e,, comparing them with the data on 

May 4, 1960 flare, we find the increase of diffusion coefficients 
for 1961, 1962 and 1963 as compared to May 4, 1960 flare 

for which #~5, 5x10“! cm2/sec [63]. Results of this procedure 
are given in Table 14,3 in which total activity of the Sun is 


TABLE 14.3 
Change in 2¢ with the cycle of solar activity 


Date of flare we , cm2/sec ~ 
May 4, 1960: "5.5 x 102! 266 
July 20, 1961 6.5 x 107 152 
October 23, 1962 8.0 x 1022 94 
_ Septmber 26, 1963 1 x 1024 68 
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characterized by the total number of groups of sunspots 
observed during the months May 1960, July 1961, October 1962 
and September 1963, Basing on the data of Table 14,3, itis 
possible to find an approximate dependence of %on%. If 
represented as a power function se~vnk we get k = 0.5 by using 
the first three results of the Table and & «0.75 on using the 
data on May 4, 1960 and September 26, 1963 flares. 


14, 6 Dependence of diffusion coefficient on distance 
from the Sun, 


Preliminary estimates, Dimension of magnetic 
irregularities, average distance between them and the intensity 
of field in them apparently depend on the distance from the Sun, 
Therefore, L.I. Dorman [III.111] assumed that the transport 
range for diffusion will increase with the increase inr, 


Preliminary estimates of the dependence A (r) were 
made in the work of L.I. Dorman and L.I, Miroshnichenko 
[64] on the basis of the data on September 28, 1961 flare. As 
follows from (14.7), decrease in the intensity of solar particles 
after attaining maximym is mainly defined by the factor 
(wt) Z, ( Awt)-3/2, The law describing the decrease ip 
the intensity can be represented in the form~t™~( At)” f, 
If Ais a function of r, this dependerce will determine the value 
of index s of the power law. Actually, considering in the 
diffusion theory the distance covered as related to time by the 
relation t ~ r“/AW, we get ( ee Whe le 2 (r/Aw) 75 
from where Aw r“~3/8 or Avr’ ~ § (for particles of a 
given velocity |[M]=const). If s = 3/2, NN = const which corres- 
ponds to the elementary diffusion model. 


It can be seen from Fig. 14. 4 that time variation of the 
intensity of particles with €,<30 Mev is satisfactorily descri- 
bed by the usual diffusion curve with A = const at least within 
the limits of that interval of time for which experimental data 
are available. Decrease in the intensity of particles with €, 7 
100 Mev was quicker while the index of the power law awas 
within the limits 2 < 4<3 (this uncertainity was caused by large 
experimental errors at the end of the event), These results 
make it possible to draw the preliminary conclusion [64] that, 
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for explaining the deviations from the law ~ ¢-3/ 2 it is not 
necessary to assume that there are certain limitations on the 
diffusion region (see Section. 14, 3) but it is sufficient to assume ~ 
the presence of a comparatively weak dependence A(r) ~ rP 
where f = 2- .3/ increases from 0 to 1 on increasing the energy 
of particles from a few tens of Mev to hundreds of Mey. It 
should be pointed out that at €, < 30 Mev, the conclusion about 
nondependence of A on r (f= 0) is not very definite.due to 
absence of corresponding data at the final stage of September 

28, 1961 flare. 


It is appropriate to mention that the other possible cause 
for the violation of law ~t-3/2,i.e., additional convectional 
transfer of particles due to directed radial movement. of magnet - 
ic irregularities from the Sun, apparently does not play a 
significant role for the flare under reference, According to- 
estimates of L.I, Dorman and L,I. Miroshnichenko [87], 
this effect for particles of above smnentioned energies must 
appear at the Earth's orbit at t>10° sec. after solar flare. 

In this case, it was difficult to observe this effect since 
Forbush effect started at t = 1, 65x10° sec after the flare. 

In view of the importance of the problem of the ~ 
dependence A(r), a number of research workers made attempts 
to analyze it from more general aspects than it was done 


in [64]. 


Solution of generalized diffusion equation. Krimigis [28] 
made an attempt to partizlly generalize the isotropic diffusion 


model by basing upon following assumptions: a) the particles 
diffuse owing to casual wandering in the medium from static 
scattering centers; b) isotropic scattering; c) particles neither 
gain nor lose energy in the process of scattering; d) density of 
scattering centers decreases on increasing the radial distance 
r from the Sun but does not depend on the heliographic longitude 
and latitude. This type of model was for the first time studied 
by Parker [I. 61]. 


In order to get a correct solution of differential equation, 
it is necessary to assume a definite dependence of diffusion 
coefficient on the coordinates. Following Parker, let us 
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assume that diffusion coefficient depends on r according to a 
power law, i.e. ,%W= Bs ( hf rs) where 6 and % are para- 
meters not depending on r but possibly depending on the energy 
of particles. Then, the diffusion equation has the form. 

én __ 1 @ ( 


T-ay Mre+8 <2), (14.27) 


ere M = 4 and©¢ is a parameter defining the extent of 
diffusion process ( & = 0 -- two dimensional diffusion; ¢ = 1 -- 
one -dimensional diffusion; 0” = 2-- three-dimensional diffusion 
and e >2 -- diffusion in a pipe-shaped region). Parker obtained 
the solution of this equation without any computations [I. 61]. 
Considering that the detailed solution may be of some interest, 
let us derive it with usual modifications as applicable to 
propagation of particles. 


Let us write the expression (14. 27) in the form 


On 1 
S=ay >. [Mrert $ ars On (14.28) 


The boundary conditions lead to the ra that » must be equal 
to zero at infinity. Let us put 7 = Mt. Then 


ong 9 on 
HG (eS) (14.29) 
or after ee 
on 
pS 1 64+ pA (14.30) 
We will search for the solution in the ae 
a{r, t)= R(r)T (1). (14.31) 
Putting the parameters in (14.30) appropriately, we get 
1 or __ @R 11 OR 
T "Ot R ort oe 1 (G+ Be ‘R Or ° 


Since each part of the equation is a function of only one variable,, 
it can be written as 


10T fF @R = 
" To R or + (s+ 8) on = 


where -k2 is a constant. It directly follows from this that 
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f= BR, T=e-*, (14.32) 
Let us now consider the equation 
d 
em A + 2R=0 
or 


SR SHE A R= 0. (14.33) 


Solution of this equation is ae in terms of modified 
functions of Bessel and satisfies the following relation: 


ds .4 2k 
where pa (ge Ba »/c2-B) 


The complete solution is the superposition of functions 
(14.32) and (14. oar 


nr. )= ecto seston [tt af (i exp (—#)J,| = ano | 


(14.35) 
At © =0, 23 get 
n(r, 0)= aT sate | dh kf (A) J, [5 ; | 
or 
o+p-1p , 1 
048-8. n(r, 0) = fa. #4 ()J,] pte ]- (14.36) 


In order to express f(k) in terms ofn (r, 0), itis 
possible to use the theorem of Fourier-Bessel transformation: 


@ (r) = i bf (2) J, (tr) dh, (14.37) 
| A 

f) = f OA J, (er)dr. (14.38) ° 
0 
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After alas transformations, we get 


y=, 2, [ar po-BeMRJ [5 n(r, 0). (14.39) 


—2 po aaa | 


If N particles: per unit solid angle are emitted at t = .0, then 
n(r, o)can be written as 


n(r, O)=limN 28 a 2. (14.40) 
Now, we have 
: £2 pt-B+DR op 
(j= im f ee L tar aor] N8(r —2) r= 
3 Qk 1 
= (l-o—f)2]>_ * 
a 2—f 2 (Bp —2) =m | x 


2j 


Sai ety (eae) » (14.41) 


where definition of Bessel's function has been used. 
Expanding the formula (14.41), we get 


(-o-B)2+5- (048-1) ( k jeer 


- f() = lime 53 


2—B +40 

AR oe el ee 7.1 
i) ees 
k 


+ conste?(-B+2) 4. ,, kd = a lim 2° ( 
—P eso 


x 


3) e-B+2 1 


(o+B—1)/2~B) 
‘= a 


| | i - 


+ conste?(-B+2) 4 |, 4 
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It is obvious from the last expression that, when €-»0, 
it is necessary to confine ourselves to the values 6 < 2 as 
otherwise this expression becomes indefinite. Putting 6 <Z, 
we finally get 

& \to+8-1/2—-B) - i 
(@=s25(s45) eet (tea) 
(=a) 


Now let us put (14.42) in (14.35): 


k \to+B-1e-8) 
nr, y= Sree oy je srr 5) x 
1 
OCT MERITTT Te Th Rr) J 

S Y{@+- TT — B)} exp (— rt) Arey (B —2) eat |= 

sa 1 1 x 

 2—B Tet)i@—b) G—-Dete Ue-D otE-DR 

212-8 1 
x f dk. por S-Me-Bl y lg D om | exp (— #). 


Integral in this general form can be evluated as 
a” 
J, (at) exp (— nx?) 4! di = —4 ___ ee 
i (at) exp ( } @pyrt &XP\— Ge) 
eo tee 


= No 1 1 
WO D= Ga perBeD Tie pHe—py wr x 
mas 
x exe(— a} 
Putting Mt in place of U, we finally get 


. N a 1 \(o+I2—B) 
1 O= G— pee Fee (a) x 
a cah: Ba (ee A 
x 0+ 1)/(2—B) exp | — xs O—BF re (14.43) 
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This is the required solution of equation (14.27). To 
verify if it gets a simpler form in special cases, let us put = 


= 2 (spherical geometry) and 6 = 0 (usual diffusion with constant 
s). Then (14.43) takes the form: 


oe eee se 
ars 1) = Sr ay 9" @ ax 7) 


1 


N 


a 
= sation 10-725) 
M2 (x 1? 4x 7) 

ans) a" 

It is simple to find the solution of diffusion equation with 


constant diffusion coefficient ¥ in the expr ession for infinite 
medium. 


For change-over from (14.43) to observation data, let 
us use the relation n = 47i1/¥ where I is the directional intensity 
and is the velocity of particles. In this expression, it is 
unambiguously assumed that the intensity is isotropic. The 


equation (14.43), valid only for particles of a definite energy, 
takes the form 


Norh et Ne-P 
l(c, j= mOQ— = peor ie BT [(o + 1)/(2—)} is 
1 1 \@+lve~-B rs ro A 1 
eo ] exp 3, BaF Op a (14.44) 


rane Multiply ing the left and right-hand sides of (14.44) by 
®> ond taking the logarithms, we get 


. (a+1/2—6). 
In (got We-B) __ In ape ie EES 4 
(2 — p)Pa+B¥2-B) p [(a + 1)/(2 —B)} 


1 \e+Ive-s) rs 1 
x (=) | — ayaa Tr (445) 


If the graph of the dependence of Ing) 2) on t~! is 
now plotted, we get a set of straight lines corresponding to 
different values of the index s = (+ 1)/(2-8). Inclination ofa 
specific straight line is determined from the relation 
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*, 
m= — “5 Bie (14.46) 


eo 

gr) 
The point of interesection of straight line with t7! axis at 
t = ©® gives the value 


Nor? - +12-8) 1 \(e+Di2-B) 
= In Q— Byer +Bve-B) r {+1) 2—p)] (= (1 4.47) 


Differentiating (14.44) with respect to t and putting the 
derivative equal to zero, we get the time of maximum intensity: 


1 r. 


fox = 4 OW CFD 


(14.48) 


The se expressions give a complete description of 
variations of the intensity of solar particles as a function of 
time and space. 


Fig. 14.8, a represents a series of calculated curves 
showing variations of intensity (in arbitrary units) at different 
distances from the Sun for the case when @= 2, B=1. Itis 
seen from (14.44) that the decrease does not take place accord- 
ing to the exponential law although different sections of curves 
can be approximated by such a law during the periods whose 
durationis defined by the values r and #%%. Asis seen from 
Fig. 14.8 a, the decrease at r = 3 or 4a.u. takes place along 
the exponent in the interval from 15 to 40 hours. If the graph 
of calculated intensity is plotted as a function of t ona 
logarithmic scale (Fig.14.8, b), it can be seenthat, even 
after 50 hours of the commencement of event, the intensity at 
r=la.u., does not satisfy the asymptotic law of decrease 
which in this case has the form~t~3. It is seen from 
Fig. 14.8 that the law of decrease of intensity depends on 4 
and r, as well as on the values ofe and B. Moreover, it 
should be kept in view that 2€3 and 6 ‘can depend on the energy 
of particles. Thus, this comparatively simple model opens 
new possibilities of interpreting experimental data on flares 
of solar cosmic rays. 
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Fig. 14.8. Intensity of monoenergetic beam of particles at different distances 
from the Sun as a linear (a) and logarithmic (6) function of it. 


Dependence of the intensity onthe position in space 2t 
O'= 2 and B = 1 for different instants of time is shown in Fig. 
14.9. It is seenthat att =1 hr, distribution of particles has 
a sharp peak at the origin while the intensity is almost constant 
at t = 100 hrs at least up to distances of about a.u. These 
curves can serve as additional means of interpreting the data, 
obtained by space probes at various heliocentral distances. 


Analysis of observational data. Applicability of the above- 
mentioned model was verified by Krimigis [28] on the basis of 


the analysis of a few groups of observational data atr = 1 a.u. 
It is necessary to mention that if #4 is unknown, observations 
at One pOint r =r. cannot give values of ¢ and 6 separately. 

The assumption about the effective geometry of diffusion process 
is necessary for unambiguous definition of B. Inthe analysis 

of Krimgis [28], it was assumed that = 2 and it was taken that 
the time of emission of solar particles tp coincides with the 
time of outburst of hard X-ray radiation. In the absence of 
X-ray outburst, the time of beginning of optical flare can be 
taken astg. It should be mentioned that the error of the order 
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Fig..14,9 Dependence of the intensity of solar particles on the distance 
from the Sun at-different instants of time. 


of 5 minutes in selection of zero moment has an insignificant 
effect on the values of 6 and es determined from the analysis 
of the data on I as a function of t. 


Graph of the dependence of bn 143 / (2-8) on t-l, 
drawn with the help of data [I. 23] on September 28, 1961 
flare for different values of 8, are shown in Fig. 14.10a. It is 
seen that better approximation to straight line is achieved 
at B= 2/3. It should be mentioned that integral spectra of the 
intensity of protons of energy &,>23 Mev have been used here. 
The value B = 1 is more suitable to protons of energy &p, = 118* 
150 Mev (Fig. 14.10, b). 


Similar graphs for protons of energy &,740 Mev for the 
flares of July 18, 1961 (onthe basis of measured data from 
"Injun-1" (125]) and of July 18 and 20, 1961 (obtained by us from 
stratospheric data [III. 88]) are shown in Figs.14.11 and 1412 
respectively. Another case is shown in Fig.14.13 for April 
15, 1963 flare on the basis of the data obtained by Frank 
[II1. 95] with the help of the satellite "Explorer -14" (see 
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Fig. 14. 10, Graphs of the dependence of In It3(2-®) on t-1 at different values 
of B for the september 28, 1961 flare: a) for.protons with Ep > 
23 Mev; b) for protons with &p = 118-150 Mev. 


Section 10), These data conform well to the above -mentioned 
model at Bp ~1. 


It is seen from the study. of these three flares that a 
satisfactory interpretation of data.is possible for close but 
slightly differing values of 8B. These variations in the values 
of B are apparently caused by the changes in the state of the 


inter planetary medium and possibly by differences in the energy 
spectra of particles. 


Dependence of Band €. Toexplainthis dependence 
Krimigis [28] used the data on September 28, 1961 flare 
[I. 23] for different values of the energy of protons. It was 
found that for different energy ranges, satisfactory conformity 
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Fig. 14.11. Graphs of the dependence of int¥@-) on t-1 at different values 


of 8 for July 18, 1961 flare on the basis of the data of satellite 
measurements for protons with €, > 40 Mev. 
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Fig. 14.12. Graphs of the dependence of init#(@-P) on t-1 at p = 1 for July 18 


and 20, 1961 flares on the basis of the data of stratospheric 
measurements. 
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April 15, 1963 
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Fig. 14.13.Grvaphs of the dependence of Init3(2-6) on t-1 at different values 
of § for April 15, 1963 flare far protons with Ep > 23 Mev. 


to the above -mentioned model is observed at only one value of 
8, namely B = 1.0 (Table 14.4), Dependence of 8 on & for 
September 28, 1961 flare is shown in Fig. 14.14. It is seen 
that u does not depend on @ at£>55 Mev but suddenly falls in the 
range from 55 to 23 Mev. This result has some uncertainity due 
to bad quality of data at the final stage of tha event. Neverthe- 
less, it can be confirmed that B is slightly more than 2/3 but 
less than I, 

p 


WW 


@—— : = w 
E »Mev 
Fig. 14.14, Dependence of 6 on the energy of protons for the September 28, 


1961 flare. 
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The problem of the dependence of Aon r was also analyzed 
in the work of L,I, Miroshnichenko [44] by considering emission 
spectrum in the form~ R~@ and for the following different 
values; §° = 0-3; p=0-1.5; ¥Y¥ = 0-7; r= as a. u.; 
= 12°-1023cm2/sec; R= 10-10% My andt = 10%10" sec. 


Results of the calculation of the time variation of 
concentration are shown in Fig.14.15, As is seen from 
(14,44), the values § = 0; 0.5 and 1 correspond to decrease 
in concentration with time according to the law ~t~3/*ywt~* and 
t’ attotmax, andr= 2. 


Wa 
#8 10 Mev 
rf} fa pwe 


i 


4 
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Fig. 14.15. Dependence Ign(t) at different values of 6 and for several values 
of the energy of pr-tons (32). 


Data [I. 23] on September 28, 1961 flare \...- used { 
comparison with the experiment by assuming that the tic of 
emission of particles coincided with the sommencement of 
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X-ray oatburst. Number of experimental points at large 
values of t is limited but- nevertheless, it can be seen from 
Fig. 14,14 in which experimental errors are not more than the 
dimensions of points, thaty for particles with €, ~10 Mev does 
not apparently depend on % (this conclusion is not certain due to 
absence of data at large values of t) while diffusion coe fficient 
for particles with E F100 Mev increases On increasing tue 
ieee from the Sun approximately, acccrding to the law 

r9-5-1 These results do not contradict the results obtained 
in (28, oe by other methods. 


Data [III, 88] on July 18 and 20, 1961 flares were once 
again analyzed in [44] onthe basis of (14.44), The reason for 
this verification was the fact that the value:§ = 3 was obtained in 
[III. 88] which contradicts the results of other works. It is 
seen from Fig. 14,12 that the experimental data onthese flares 
satisfy the value 8 = 1.0 within the limits of errors. . In thé- 
same way, L, 1. Miroshnichenko [88] analyzed the data of many 
peutnee ,0nitors on February 23, 1956 flare. The dependence 
of In It3/ (2-8) ont~1 for different values of 8 is shownin Fig. 
14.16. It is seenthat the data of Ottawa station (Rmin = 1. 05 Gv) 


infteFi 


9 Ottawa 
"  & Stockholm 
& Wellington’ 


6. Huancayo 


Fig. 14, 16. Observation data on February 23, 1956 jive at different values 
of 8. 
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satisfy the value B = 0.5 everywhere excepting last points 
corresponding to large values of t after the commencement of 
the outburst. Curves of the dependence of In 1t3/2 ont! for 
Stockholm and Wellington stations are similar to the corre spond- 
ing curves for Ottawa station from where it follows that the 

value Bf = 0.5 is valid for all the three stations (in spite of the 
fact that they are situated in different longitudinal zones). 

The data for the hill station Huancayo (Rin = 13.7 Gv) is also 
given in the same Fig.14.16. It is seen that time variation of 
concentration of particles of high rigidity satisfies Bp = 1.0. 


Dependence of InIt2 ont~! for the following six 
hill stations is plotted in Fig.14.17: Cliamax (Rmin = 3. 08Gv), 
Albukerke (4.52 Gv), Sacramento (5.10 Gv), Mexico (10.0 Gv), 
Nori kura (12,2 Gv) and Hunacayo (13.7 Gv). The threshold 
rigidities here have been taken in accordance with [I. 33]. On 
the basis of Fig. 14.17, it can be confirmed that the data of 
mountainous monitors satisfy the value 6B = 0.5 within the limits 
of experimental errors although the value B = 1.0 may be suitable 
for stations having high rigidity as is obvious from Fig.14.16 for 
Huancayo. Thus, it can be assumed that the data of neutron 
component for the February 23, 1956 flare are fully described 
by the dependence %~rP where 0. 5<B < 10. 
t. hrs 
a5 1 2 57 
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Fig. 14,17. Data of high-altitude stations on February 23, 1956 flare at 
8= 0.5, 
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The dependence 2¢(r) was also studied by Parker [1.61], 
G.F. Krymskii [89], A.N. Charakhch'yan and T.N. Charakh- 
ch'yan [71], Heristchi et al. [III. 107]. While studying the 
dependence of 2% on r for the February 23, 1956 flare, the 
author [I. 61; 89] arrived at the conclusion that this dependence 
satisfies the value of 6 in the range 0.5-1.0. 


Data on time dependences of intensity of protons for 15 fla: 
res, recorded with balloons in stratosphere and with the help of 
satellites beyond the limits of magnetosphere, are analyzed in 
the work of A.N. Charakhch'yan and T.N. Charakhch'yan [71] 
(Table 14.5). The authors [71] paid attention to the fact that, on 
assuming = 96, (r /r )8, B=0.5 for seven flares and B=1 for 
eight other flares. It is also important to mention that the depe - 
ndence of diffusion coefficient on r for the same flare was found 
to be the same for protons of diffe rent energies. As bhown in 
[71], two groups of values of B cannot be explained by the differ - 
ence in the piace of generation of cosmic rays on the Sun, It was 
expected since the values of 8 in Table 14.5 were mainly found 
from the decrease of intensity, i.e., the maximum of "'diffusion 
wave'' was situated on the Earth’s orbit where the effect of radi - 


al magnetic fields on propagation of solar particles is generally 
small. 


Dependence of diffusion coefficient on R was also found to 
be different for differentflares. For example, for the flares of 
September 3; 1960, November 15, 1960, September 28, 196] and 
October 23, 1962, the transport range A does not dependon R 
while A =1,4x1012 R0.7 cm for February 23, 1956 and May 4, 
1960 flares and A~ R9-5 for the November 10, 1961 flare. Itis 
interesting tomention that B = 1.0 and A = const for the first 
four flares while B = 0.5 in the presence of dependence A (R), 
i.e., the parameters a and $8, characterizing impulse and space 
distribution of A, are probably related to each other. 


The mean free path for diffusion of particles with R = 0.6 
Gv in the interplanetary space increases with the decrease of so- 
lar activity: A = 2. 6x1 013.4 "6 cm where Wis the total number of 
the groups of sunspots during the month. 


The dependence of %on r was also analyzed by Krimigis 
and Van Allen [90] and Bostrom etal. [91] for the February 5, 
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_. FABLE 14.5 
Diffusion paramete re for a series of Mares of solar Cosmic rays (73] 


t 2. 1927, ; 
m 


Vie a ae 
Date of flare legordinates 
Q5 


A x poll Na, vot : 
fem «| B | wroups of 
spots 


ofe 


1 R 
ae em? gec-!. Gv 


Feb, 23,:1956|4-74 +23] 03 46 9.0 ]10] 46 Q.5| 230 
: . 28 “12.8 |0,95| 29 0.5 
0.6 23 21.70.91} 25 0,5 
0,34 Al 3.5. |0.95, 43 05 
0,46 30 4,1 }0,98) 31 +105 
0,26 §3 15,9 }1 53 0,5 
0,20 69 6.011 | 69 0.5 
0,15 92 12 |1 | 92 0,5 
af : 0,14 99 14- fl 97 0,5 
August’ 22,-1958. 18 re 0,6 70,55) 14 0,5] 400 
April I, 1960 5.4 39 06 50,55) 7.1 41 220 
May 4, 1960 25 | 55 0,6 |0,55} 10 05) 234) 
Sept. 3, 1960 5.8 3.6 2,1 10,91 4,0 1 280 
92 23 06/055, 42 |} 
+ 412.5 1,7 0,55/ 0,50} 3,4 | J 
Nov, .15, 1960-47-60 +20] 3,0 6,9 2.14091 76 ] 1 } 200 
|. 54 3,9 1061055 71 tb fo 
Nov. 20, 1960 }4.110 +20]. 2.8 | 5.0 1.5 |.0.85] 5.9 | 05} 200 
July 16, 1961. 9 —08) 27 7.7 {21/091 85 FI 150 
5:4 39 0,6°}0,55) 7,4 | 
July 20,1961 {4990 —0,5| 19 7,3 0.6 {0,55} 13 0,5} 150 
Sept. 28,1961 |—29 +13| 2,2 9,5 1.0} 0,73) 13 I 120 
; 27 77 0.7 }0.60) 128 | 1 
3,1 6,7 0510.49 13,7 [1 
“| 36 5.8 0.4 $0.40), 145 Tt 
Nov. 1v, 1961 1490 +419] 0.8 17 0.8 }063! 27 FOS] 96 
2,0 6.9 0.4 |0,40) 7,2 40,5 
6.0 2,3 0.2 10,17; 135 | 05 
ae 1.0 14 06/055] 25 [05 
eOct. 23; 1962 14-70 +403) 19. 1} 0,7 }0.61] 18 1 80. 
, 21: 9,9 0.5 10,48} 21 I 
. 25 8.3 0.4 10,381-22 | 1 
Feb.5, 1965 -24 Th Al 3.4 0,2 0,2 | 17 0.5} 40 
‘Suly 7, 1966 | 2.8 74 10,6 10.55; 13,4 | 1 120 
Jan. 28, 1967 3,9 6,7 2,0 ]090) 74 {1 | 230 
3.9 53 10.)0,73) 7.3 | 1 


1965 flare on the basis of satelite data. in this case, the value 
B= 2/3 was found in [90] for protons with Ep = 55 Mev. On the 
basis of the data of stratospheric measurements, the authors 
[III. 107] found the value B=1.1 for the July 7, 1966 flare but on 
considering the experimental érrors, the data (I. 107] can 
generally be described by B=1.0. 


A flare of solar cosmic rays, of small amplitude was recor- 
_ded on January 28,1967 by the wofld network of neutron monitors 
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and supermonitors, The maximum increase was not more than 
40% (Vostok station in Antarctica, height above sea level=3830™) 
The effect was observed at Mirny (Antarctica), Murmansk, Mos - 
cow and at many other stations of the world network. Time var- 
iation of this flare at Moscow and Deep River is shown in Fig. 
14,18, The maximum increase at these stations (supermonitors ) 
was 16% and 6% respectively. Asymptotic page: lines corr - 
es ponding to fall of intensity according to laws t™ Z t-2 and t73 
are also shown here. It is seen that the law t~3/2 (elementary 
diffusion model) is not suitable for explaining the time variation 
after maximum. The phase of decrease for this flare is appare -~ 
ntly described by the law ~ t~2 or ~t-3, 


x 0. Moscow 


MS o Deep-River ‘ 
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G2 

\ 

v 3 \, 
-Q2 as 
-Q4 vt? “. 
-a6t \ * 
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) lg t,. bre 
Fig. 14.18. Time variation of intensity of particles from the January 28, 1967 
' for Moscow and Deep River stations. 
Fig.14.19 illustrates the dependence of Lo 1¢3(2-B) on 
t~! for Deep River atB =O andB=1. Accordingto Fig. 14.19, 
the initial stage of the flare can be approximately described Ly a 
constant diffusion coefficient (6=0) but immediately after the max 
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imum, such a description becomes unsuitable. If the data for 
Deep River are plotted as nIt> on t-!, we get satisfactory 
conformity to the value B=1.0 [52]. Thus, it can be assumed that 
all the existing data on the dependence of 2% or r satisfy the 
values of B in the range 0.5-1 or more accurately, o<B < lie 


ty = git? 


a Maximum intena Ity , 


205 ‘a a) 0B. 
rl, hra! 


Fig. 14.19. Data on the January 28, 1967 flare for Deep River station at 
different values of §. 


Interpretation of the dependence €(r). The dependence of 
Mon r’has a direct relation with the structure of the interplanet- 
ary space and modulation mechanisms of galactic cosmic rays. 
Parker [I. 61] introduced the concept of ‘diffusion resistance" 
of interplanetary medium which a galactic particle must experi- 
ence during its motion from infinity in the solar system toa 
given system (for example, up to r= re ). Physically, it means 
that the number q of transport range A ofa galactic particles 
between infinity and ry must be finite if the particle reaches up 
to A=A4 and infinite if the particle does not attain A=’. 


318 


PROPAGATION OF SOLAR COSMIC RAYS 


The value of q is determined from the integral 
fs adr 
q~ { =. (14.49) 
r 


If the model of open interplanetary space is adopted (i.e., 
with the gradual decrease of the density of scattering centers) , 
the effective value of B in the three -dimensional case must be 
more than one. Actually, from (14. 44)-it follows that r2 —» % 
and Aw rP where 6B <1, we get q—»- whereas at B >1,q hasa 
finite value. It means that only at 8 >1, galactic cosmic rays 
can penetrate into the solar system. Since the data on all the 
flares investigated give the value B <1, it should be assumed in 
the case of the open model of the interplanetary space that gala- 
ctic particles of energy, for example, ¢4 < 500 Mev (if the res- 
ults of the September 28,. 1961 flare are taken into account) do » 
enter the Earth's orbit. 


Recently, Hofmann [92] while studying the effects of mod- 
ulation of primary particles with R = 0.1-10 Gv during 1963-65 
got the value B=1-1.08. In our opinion, this result related 
to the open model is wrong since in [92]; 1) the effect of delay i is 
not considered; 2) A(r) is not under the sign of differentiation 
with respect to r; 3) steady problem is solved while the obtained: 
solution depends ont; 4) stratospheric data of Ormes and Webber 
[93] are used, which are not free from the contribution of secon-: 
dary particles. ‘ 


If it is assumed that ‘the mean free path is constant or de- 
creases on increasing r, i.e., B<0 or A~w exp(-r/ry ), 
then at r2 —> ©, we again. get q—> oo. On et other hand, if A 
increases with distance, i.e.,X\ ~ exp (r/r , then q = const, 
i.e., finite. Thus, out of the considered cases of the dependence 
N(r) only two cases satisfy the open ‘model: A ~ rf (8 <f) and 
A~exp (r/ry). 


Experimental data, point out the presence of galactic cos- 
mic rays of energies much less than 500 Mev near the Earth (it 
is appropriate to mention that the maximum of their spectrum 
lies in the region ~ 400 Mev/nucleon). Moreover, pressure of 
solar wind — carrier of the interplanetary fields — must be 
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balanced by the pressure of the interestellar gas at a particular 
distance from the Sun [I. 61]. It should also be mentioned that 
the interpretation of time variation of solar particles at large 
values of t on the basis of the dependence 9€(r) is not the only 
possible interpretation. For example, if there exists an effec- 
tive magnetic boundary of diffusion region of radius r, (see 
Section 14.3), concentration at the Earth's orbit decreases not 
according to the power law but according to the exponential law 
and the diffusion coefficient depends only.on R. In this case, as 
mentioned in Section 14.1, diffusion rate V = 39/r, = const for 
particles of a given energy. If, on the other hand, 2€ increases” 
with distance as ~ r!-9 and there is no boundary, the condi- 
‘tion Vz = const should, even then, be satisfied. 


It is obvious that the diffusion rate cannot be more than the 
velocity of propagation of particles in the absence of magnetic 
fields and matter (in vacuum), i.e., vgs v . As can be seen 
from (14.11), the equality vg = v corresponds tothe case when 
A=r, i.e., the transport range is equal to the distance, cover~- 
ed along the radius, from the Sun. On the other hand, the dis- 
tance covered r=v€ and the volume occupied by particles inthe 
three-dimensionaj case will be V ~ r3 = (%t)3. Concentra- 
tion of particles, averaged for this volume, will change accord- 
ing to the law n wVolw rie t73, ‘Comparing this result with 
(14.44), it is not difficult to notice that the value B=1 satisfier 
the decrease in concentration according to the law~t-3, 7 
a limitation is obviously put, by the model of diffusion pro 
in the three-dimensional isotropic space, on the rate of t 
crease of diffusion coefficient on increasing the distan: 
the Sun, i.e., the value of 8 must satisfy the condit! 

Since atB 21, the model con “*4red hera i-~ -- 
is comparable to the distance 


Thus, the above -ment 
smic rays with Ey, <100M 
undary for solar wind, limitativ.. ~ 
%~ rB by the value B <1, the possible existence of an effective 
boundary of diffusion region) are apparently in favor of a closed 
model of the interplanetary space. 


. This conclusion, applicable only within the framework of 
the diffusion model under reference, can have great significance 
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for the theory of modulation mechanisms of cosmic rays, in” 
particular, for the theory of ]1-vear variations. Here, it should 
be kept in view that solar cosmic rays provide information only 
on the space of radius rx, <10a.u. (see Section 14,1). Beyond - 
this distance, the electromagnetic situation may be absolutely 
different from that in the internal part of the solar system as 
the interstellar magnetic field near the solar system is nota 
homogeneous field of galactic sleeve as was Considered earlier 
but has a very Complicated structure (see Section 13.1)... 


Dependence %(r) and properties of the source. As is Seen 


from (14.44), solution of the generalized diffusion equation must 
satisfy the condition B < 2 and the value of B must lie within the 
limits 0 < p <= 2 on considering the problem of the emission of 
particles from a source not situated at origin of coordinates 
(94]. If B-»2 on the left, concentration of particles on the Kar - 
th's orbitn-»0. It means that the particles from a source sit- 
uated at the Center (r = 0) do not reach the Earth. Actually, at 
6 = 2, the integral (14, 49) within the limits from r, =Otor2= 
r4 isa diverging integral, i.e., the ''diffusion resistance®! be - 
tween origin of coordinates and the Earth's orbit is infinite, It 
was assumed in works [26, 72] that the particles were emitted 
at the point r = 0 and therefore, the condition B<2 has a purely 
formal sense since the particles in reality are not generated at 
the center of symmetry. 


It should be mentioned that not B but the parameter s = 
( ~ +1)/ (2 - 6) can be determined experimentally, , Therefore, 
concentration can decrease according to the lawwt / not only 
in an isotropic, spherically symmetrical medium. The equality 
s =3/2 is also validat @=1 and §=2/3 (one-dimensional diffus - 
ion), # =0 and B= 4/3 (two-dimensional diffusion), @ =3 and $= 
-2/3 (diffusion in a pipe-shaped medium); etc. The last case co- 
ntradicts the assumption that ® increases on increasing the dis - 
tance from the Sun. 


It should be mentioned that this model is comparatively 
unsuitable for explaining the data obtained during the initial 
stage of aflare. This is apparently related to the initial aniso- 
tropy and prolonged emission of particles from the acceleration 
region. 
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Summing up the results of this Section, let us once again 
point out that the values B [1 at an 500 Mev must point out 
the absence of particles of such energy in the composition of gal- 
actic cosmic rays near the Earth. This assumption. however co- 
ntradicts:the observations (see Fig. 11.8). Moreover, it is abs- 
olutely natural to expect that the value of B increases at higher 
energies; possibly, ® changes with the solar acitivity in accord- 
ance with different turbulent states of the interplanetary medium. 


Thus, even if rz in (14.49) is considered to be infinite, in 
spite of a number of arguments in the favor of the closed model 
of the interplanetary space, it is not clear if there exists any ph- 
ysical contradiction. Nevertheless, it can be expected that the 
obtained empirical values of 6B can throw some light on the gen- 
eral problem of modulation of the spectrum of galactic cosmic raa« 
ys in the interplanetary space. Study of the change P(E) during 
solar cycle is of special interest. Some views on the dependence 
of diffusion coefficient on the epoch of solar activity are mention - 
ed in Section 14.5. 


As mentioned by L.I. Miroshnichenko [95], while studying. 
the dependence of %on r, the correct consideration of low-ener - 
gy background is very important (see Section 11) whose contribu- 
tion to the observed intensity is not constant with time and can be 
significant when the flux of particles from the flare being studied 
becomes comparable to the background. In particular, as seen 
from (14,44), the decrease in the experimental values of I due to 
wrong consideration of background leads to an increase in the 
value of 6. 


Measurements on the intensity of cosmic rays simultaneou - 
sly at different points of the interplanetary space are very impo- 
rtant for formulating a theory of propagation of cosmic rays in 
the solar system and for studying the properties of the interplan- 
etary medium. Such measurements were, for the first time, 
made by S.N. Vernov et al. [96] on the satellites ''Zond -3"', 
"Venera-2"' and "Venera-3'', It facilitated determination of 
gradient concentration of protons having € =1-5 Mev at distanc- 
es from 130 to 190 million km from the Sun. The observations 
led to the unexpected conclusion regarding the existence ofa 
large gradient (the intensity increased by about 5 times on in- 
creasing the distance from the Sun to 190 million km). One of 
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the possible qualitative expalanation to the observed distribution 
of protons, mentioned in [96], is the assumption that a large nu- 
mber of protons can be thrown beyond the Earth's orbit along co- 
mparatively narrow channels during solar flares (even during 
small flares). Afterwards, the protons diffuse in all the direct- 
ions including the direction towards the Sun. 


Assuming the result [96] experimentally reliable and con- 
sidering that the motion of protons observed in [96] has the nature 
of diffusion, A. Z Dolginov and 1,N. Toptygin [97] made an attem - 
pt to determine the dependence of diffusion coefficient on the dis - 
tance without specifying the location of the source of particles. 
(It is only important that the source existed outside the region 
being studied), The authors solve the equation of diffusion of 
particles for the case when the magnetic irregularities move in 
space with a regular velocity u. According to [97], the diffusion 
coefficient as a function of distance depends on the index ¥ of the 
spectrum of protons and on the value of #4. Since correct va- 
lues of r and #4are not known, it is not possible to determine 
the exact dependence #%(r). However, as shown in [97], there is 
a significant, by 5-10 times, decrease of diffusion coefficient on 
increasing r in the region at all reasonable values of ¥ and 2x, 
This result apparently points out the fact that on increasing the 
distance from the Sun and particularly between the orbits of the 
Earth and the Mars, regularity of the field is distrubed to even 
greater extent, its lines of force get entangled and irregularities 
of lesser dimensions appear. In the case of appearance of irre- 
gularities of the field of dimensions 2<f, scattering of protons 
is sharply intensified and the mean free path decreases. If the 
arbitrary field H, is much less than the regular field, then as it 
follows from the theory [35], it increases according to the law 
(H12) ~ a 


Diffusion coefficient, not depending on an arbitrary distance 
%s , can be more directly determind with the help of the form - 
ula for the density J; of the beam of particles {97]. But, in this 
Case, it is necessary to measure the components of current Ji 


along with the concentration gradient and spectrurn. 


14.7. Spectrum of solar particles in the source. The re- 
lations (14.44) and (14.45) in some cases make it possible to 
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determine the spectrum of solar particles in the source. At 
B=0 and o = 2, the relation (14.45) becomes 


Nu r, 1 
+ Inff(rg, Oe] =I covers eee aes 
oe a sQVup| m7 (AO 

On the basis of data [I. 23] on the Septmber 28, 1961 flare, 
the authors [64] plotted the dependence of &n 1t3/2 on t-1 at dif- 
ferent values of the energy of solar protons (Fig. 14.20). The 
dotted and full lines on Fig. 14.20 correspond to two methods of 
processing of the data with the help of (14.50); in the first case, 
t was counted from the beginning of X-ray flare while in the se- 
cond case, from the time when X-ray flare was at its maximum 
(difference in these times is of the order of 10 min). Itis seen — 
that the propagation of particles with EB 100 Mex is described 
by the equation of isotropic diffusion for the whole time range for 
which the experimental data is available. The beam of particles 
with Ex 32100 Mev became isotropic about 9x1 03 seconds after 
the maximum of X-ray flare; later on, the propagation was due to 
diffusion, for about 1. 7x104 seconds, after which the rate: of 
decrease of intensity deviated significantly from thelaw ~ ¢7 3/2 
(three short straight lines in the right-hand side of Fig. 14, 20). 
Times of maximum intensities, shown in Fig. 14.20 by arrows, 
occurred during the period of isotropy. Particles with &,~3 Mev 


wut” 


4g so eat rs id 


Fig. 14.20. Dependence of init¥2 on t-! for the intensity of solar particles 
from Sept ember 28, 1961 flare [64] at various values of the energy 
of particles. ; 
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were an exception for which maximum was not attained during 
observations (their intensity continued increasing right: up to the 
commencement of geomagnetic storm). 


For the case of 200 and 600 Mev particles, it is seen from 
Fig. 14,20 that selection of the time of beginning of emission is 
important for the first, anisotropic phase of propagation of solar 
particles and stops playing a significant role after the appearance 
of isotropy. It is also seen that better conformity of experiment 
to the theory of isotropic diffusion is observed in that case when 
the time of maximum of X-ray flare, attained 15 minutes after 
the beginning of September 28, 1961 chromospheric flare, is tak- 
en as the beginning of emission of particles, This result is in 
agreement With the data of Hofmann and Winckler [LII. 88] for the 
July 18, 1961 flare. 


Extending the straight lines of Fig. 14,20 till they intersect 
the ordinate axis at 1/t = 0, it is possible to calculate from 
(14.50) the number of emitted particles of different energies. 
The differential spectrum for this sere? obtained in this manner, 
has the form D( €;) = 5.6x 1034 é,-2 particles/Mev. During 
diffusion, the spectrum must diffuse owing to the dependence 
%(Z). In order to compare with measured data on September 28, 
1961 flare, differential spectrum on the Earth 36 minutes (2, 16x 
10° sec)after the maximum of X-ray flare shows that the maxim- 
um of the spectrum was in the-region &, ~ 100 Mev which appr- 
oximately corresponds to measurements [I, 23] at 2320 UT. 


Emission spectrum can be obtained from (14.7) or (14. 50) 
by a simple calculation by having the data on differential inten- 
sity I(rg , t) and values of @ at various energies. However, 
the above-mentioned method is more clear since Fig. 14. 20 not 
only demonstrates the applicability of the theory of isotropic 
diffus ion to propagation of solar cosmic rays but also shows the 
limits of this applicability with time. In many cases, time vari- 
ation of the intensity of solar cosmic rays cannot be correctly 
described by the elementary diffusion model. However, in most 
of the cases, sucha description is valid at least within a limited 
interval of time during whith the beam of solar particles is isot- 
ropic. Thus, if diffusion takes place even during a limited inter 
val of time and if the differential spectrum of solar particles is 
measured, there appears, in principle, the possibility of getting 
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the very important characteristics of acceleration meChanism on 


the Sun, namely, spectrum of accelerated particles at the time 
of their emission. 


Assuming that the obtained emission spectrum extends 
right up to 1 Mev, it is possible to calculate the total number of 
emitted particles of energy more than the given one. Although, 
the total number of generated particles with &, = 1- 1000 Mev is 
very large (5.61034), the energy contained in them (6. 2x 1029 


erg) is not more than the kinetic, magnetic or optical energy of a 
class 3 or 3t flare. 


_y Bryant et al. [I. 55] obtained emission spectra of the form 
~e, for the flares of September 28, 1961 ( Y= 1.7), November 
10, 1961 (¥=1.5 for $, =1,4-22 Mev and ¥ 53.5 for the range 
&. = 55-500 Mev) and October 23, 1962 ( ¥ = 2.3) (Fig. 14,21). 


19° 


w 


Ss Ss 
ww = 


8 
te 


-1 & 
1, proton, msec" sterad” +Mev 1 


Fig. 14.21. Generation spectra for the flares of September 28, 1961, Novem - 
ber 10, 1961 and October 23, 1962 [1.55]. 


Emission spectrum for the September 28, 1961 flare [64; 
1.55] does not contradict the results of the work of A.A. Korchak 
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[99] in which the spectrum of nonrelativistic electrons was 
obtained from the analysis of X-ray and radio emission for 
the same flare. Difference in the values of the index ¥ can be 
explained by the difference of energy losses of protons and elect - 
rons in the solar atmosphere. 


An interesting analysis of the data of September 28, 1961 
flare was done by Krimigis [28] on the basis of the generalized 
diffusion model by considering the dependence of diffusion ‘model 
on the energy of particles and distance from the Sun. As is seen 
from (14, 44) and (14.45), knowing the values of @, and #, it is 
possible to calculate the total number of particles emitted at the 
time t=0 and further, using the data for various energies, it is 
possible to plot the spectrum of particles at the time of emission 
t= 0. Expressing the obtained results in four ways, namely 
power function of Ex: exponential function of. Ex, power func- 
tion of R and exponential function of R, Krimigis arrived at 
the conclusion that each of these functions can be used for des- 
In the opinion of Krimigis, best approximation is obtained for the 
exponential rigidity spectrum (Fig. 14,22). The vertical errors 
obtained approximately are maximum and the actual errors are 
probably lesser. Differential spectra for the three methods 
(exce pting the exponential function of energy) have the form: 


dN ide, = 2,23 - 10% e,~%1*" particle/Mev, (14.51) 
dN dR = 8,87 - 10° R~®7**9  particle/Mv, (14.52) 
dN /dR=1,53- 10% e77/0*™ particle/Mv. (14.53) 


It is obvious that the spectrum in the form (14.51) does not con- : 
tradict the results (64; 1. 55]. Calculation of the number of parti 
cles of energy E,,‘> 23 Mev (i.e., of rigidity R >209 Mv) is the 
appropriate verification of the relations. (14.51)-(14.53). From 
(14,53), we get N(R >209 Mv) = 0.79x1079 particles. This value 
is well in agreement with the value of 1x1030, calculated directly 
from (14.44) with the help of graphs given in Fig.14.10, a. 

The power function of energy (14.51) or rigidity (14.52) gives 

the values 1, 88x1029 ana 1, 82x10? particles respectively. 


Simple calculations show that a very small fraction of the 
total energy of flare is contained in such an amount of particles, 
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Fig, 14. 22, Expqnential rigidity spectrum for the September 28, 1961 flare at’ 
the time of emission. 
If the dimension of the falre is taken to be ~104 km with magne - 
tic fields H = 1000 gauss, the total energy, contained in magnetic | 
field, will be of the order of 103! erg. On the other hand, the 
total energy-of 1.26x 103! particles having Ek #23 Mev is equal 
to ~ 4, 6x1 026 erg which is less than 10°* of the energy contained 
in the flare region. 


It is interesting to study the time evolution of spectrum. 
It can be done on the basis of the relation (14. 46) by using the 
constants given in Table 14,4, According to calculations [28], 
spectrum ''bends downward"! at taw values of t and gradually so- 
ftens with time (Fig.14.23). These results agree with the obse - 
rvations of internal coordination of the model which takes into 
account the dependence $€(€, 1). 


The experimental indications of the fact that spectrum be- 
comes more plane at low values of energy [I.2, Section 50] were 
taken into account in L.I, Miroshnichenko's work [44] while ¢al- 
culating the rigidity spectra of solar particles at B = 0,¢ =2, In 
order to specify, it was assumed that the spectrum of particles 
with &.~ 10 Mev is plane at the time of emission, i.e., y=0 
while y=2 (€, = 100-500 Mev) and y =3 (£2 600 Mev) at higher - 
energies. 
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Fig. 14.23. Spectrum of solar pratons expected at different moments of time 
at the Earth's orbit. 


Differential rigidity spectra are shown in Fig. 14. «+ for 
t; = 104 sec after the commencement of emission and t2 = 105 
It is, first of all, seen that there is a tendency to spectral 
ng with time and that this: tendency is most clearly expres 
he region of extremely low and very large values of R. 
uple, at R = 104 My, concentration of particles at ty is 


\ that at t2 by about three orders. Moreover, in both the 
‘ctrum has a maximum whoée position displaces in the 

- low values of R on increasing t. The maximum at 

ery sharp and is situated near the value R = 250 Mv. At 


-z» the maximum is more diffused and lies in the range of 70-100 
Mv. 


It is interesting to mention that on considering the depend- 
ence #(R), diffusion does not Change with time the power: nature 
of pectrum starting from R # 250 Mv (6,2 30Mev). Inclination . 
of spectra at R 21730 Mv (Ex, @1 Gev) corresponds to the valu- 
es y=3.5 att) and y=6att2. The spectra become more slant- 
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Fig. 14, 24. Rigidity spectra-at the Earth's orbit expected at various moments 


of time in the case of power spectrum of emission with variable 
y. on 


ing in the region of lower values of R. In general, this aspect 
of spectra does not contradict the experimental data. However, 
the measured spectrum has a smoother form than the calculated 
one. Therefore, it canbe assumed that the emission spectrum 
has the power form and the index gradually decreases to y = 0 
in the region of very low rigidities. 


For understanding the processes giving rise to the spectr- 
um of solar cosmic rays at the source, it is important to deter- 
mine emission-spectra for different energy ranges. The result 
obtained by L.1. Miroshnichenko {88] for the flares of February 
23, 1956, May 4, 1960 and January 28, 1967 are described beloy 


Fig. 14.17 shows the data on February 23, 1956 flare for 
6 mountainous neutron monitors, processed with the help of - 
(14.45) at B= 0.5. Points of intersection of straight lines with 
the ordinate at t-!=0 give, with the accuracy of the constant fact - 
or, values of the intensity of particles I( >R) of rigidity R>R,j. 


for the given observation post, Integral spectrum of solar partr: 
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icles from February 23, 1956 flare at the time of emission was 
obtained in this way. This spectrum is shown in Fig. 14.25 in 
arbitrary units in semilogarithmic (curve 1) and si aon 
scales (curve 2). It is seen that Ig( > R) = I,R- -4.5 while the 
accuracy of determination of index is apparently not less than 
+ 0:5. From this, me the differential emission spectrem:, 
Dy (R) = D gk-5: 540 - : 


12 3 +5678 bh 


Feb. 23, 1956- 


bee wee F 


Wt 

R, Gv: 

Fig. 14.25. Integral emission spectrum for February 23, 1956 flare in semi- 
logarithmic (1) and logarithmic (2) scales. 


5 3 wo 


Let us compare the last result ‘with the spectrum measur- 
edon the Earth. According to [1.36], differential spectrum 
measured in the same rigidity range has the form ~R-?-04#0. 3. 
The spectrum apparently deforms in the process of diffusion of 
particles fri the interplanetary space due to the dependence of 
38% on R. It can be noticed from the difference in the inclination 
of straight lines in Fig. 14.17 for the stations Climax and Huanc+ 
ayo that #4 increases by about 4 times on increasing R from 
3. 08 to 13,7 Gv. It follows from this that in the relativistic en- 
ergy range ‘Wg~A~ R!-9 on considering this result (as well 
as the result [71] where A ~ RO®- 7-0,8 it can be seen from 
(14. 45) that the measured differential spectrum actually corres- 
ponds to emission spectrum (within the limits of the above -men- 
tioned accuracy), 
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Pfotzer [I. 45] determined cistribution of the intensity of 
particles, directly coming from the Sun, on the Earth's surface 
by substracting the data of background zone from the results of 
observations in shock zones, The spectrum of direct beam; ob- 
tained in this way, had the form ~R73- in the range R = 255-6 
Gv which is in agreement with the results of calculated spectrum 
[I.1] for the time 0400 UT on February 23, 1956, In accordan- 
ce with the theory of diffusion, spectrum of direct beam must 
be more rigid than the emission spectrum. The above -obtained 
results confirm this conclusion, It should also be mentioned that 
consideration of the result [I, 45] as emission spectrum leads to 1 
unjustified increase in the value of a in the relation A ~ R®, 
According to [74], values of a lie in the range 1. 8-2. 4 which con- 
tradicts the above-obtained value a <1. 


The May 4, 1960 flare was distinguished by the presence of 
shock zones which were displaced as compared to the locations 
expected from calculations [I, 7]. Moreover, the.maximum in- 
crease in the intensity of solar particles was recorded at sta- 
tions situated on the American continent and Australia while the 
European stations were found to be in the background zane, Cor. 
paratively low amplitude of outburst (¢35% in the neutron com - 
ponent) and small duration (not more that 2 hours at most of the 
stations) are the characteristic features of this flare. Therefore, 
data of only those stations where measurements were conducted 
for short periods (2-5 minutes) were found to be suitable for det- 
ermining emission spectrum while the data obtained after the ma- 
ximum outburst were used for stations in the shock zones, 


Data on neutron component for the mountainous stationsoof 
Sulfur (Rmin = 1.10 Gv), Washington (1.34 Gv) and Tsugspittse 
(4.52 Gv), processed on the basis of (14.45) at B = 0.5, is shown 
in Fig. 14,26. Times of maximum outbursts are shown by ar- 
rows. Taking into account large measurement errors at the end 
of the event, from Fig. 14.26, we get the value B= 0.5 which 
satisfactorily agrees with the observational data, The integral 
emission spectrum, which has the form Io (>R)= IpR72- 540.5 
within the limits of 1.1-4.52 Gvg is also shown in the same Fig. 
from where it follows that De~ R-3+549-5_ if me R19 then, 
in accordance with the observations [I, 35], the spectrum on the 
Earth's surface at t>>t.,4, will be D,~R-5%0.5, 
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Fig. 14,26. Data on three mountainous stations for the May 4, 1960 flare at 

_  § = 0,5 and the integral emission spectrum (on the right). 

‘The January 28, 1967 flare was also characterized by low 
‘amplitude Cs 40 % in the neutron component, but it lasted for about: 
one day (at stations having low cut-off rigidity), According to 
preliminary data, no chromospheric flares were recorded ‘during 
the period January 27-29, 1967, solar activity was low and the 
geomagnetic field was quiet” 


We have already analyzed, in Section 14,6, time variation . 
of solar particles for this flare on the basis of data of neutron 
supermonitors installed at Moscow and Deep River. Fig.14,27 
shows preliminary data on the latitude effect of the flare (curve 
1) in the range R = 0.1-5. 0 Gv as well as emission spectrum 
Do~ R3- 50.3 (2) and the spectrum Dy~ R-5. 540.3 at the 
Earth's orbit (3) (at the time of maximum outburst), The emiss- 
ion spectrum was obtained from the data of Moscow and Deep 
River stations on the basis of (14. 45) at B = 1 While the spectrum 


* According to the data obtained at the Crimean Astrophysical Observatory 
(‘Solar data", Izd-vo "Nauka", 1967, No.1), a class 1 flare was recorded 
at 0728-0858 ‘UT on January 28, 1967 in the active region with coordinates 
2PS, 19°E, At the same time, a radio outburst on a frequency of 3100 
MHz and an increase.in the level of radio emission on meter band was ob- 
served. Many subflares (not less than 4) were also recorded in the same 
active region. 
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on the Earth was determined from the data of Deep River, Durk- 
hem, Moscow and Dallas stations on the basis of the procedure 
worked out in [I, 36] and described in Section 2, Both the spect- 
ra belong to the rigidity range R = 1-5 Gv. By comparing these 
spectra with the help of (14, 44) at 8 = 1, it can be concluded that 
2 4~ RO 5-1, If this dependence is also retained at R&1 Gv 
{i.e., if the measured spectrum does not change its inclination 


at very low values of R), then at 3% ~R, we get A = const for 
nonrelativistic particles?”* 


£2 HR) 
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Fig. 14.27. Latitude effeci (1), emission spectrum (2) and spectrum on the 
Earth's orbit (3) for the January 28, 1967 flare. 

Emission spectra, obtained by us and by other research 
workers, are given in Table 14.6 for many flares, Data on spe- 
ctra of November 10, 1961 and October 23, 1962 flares are taken 
from [1.55]. It is seen that within the limits of errors, emission 


orem. 


** NP. Chirkov et al. [127] studied the January 28, 1967 flare on the basis 
of the data of 15 stations (neutron component). Time variation of solar 
particles is described by diffusion model at B = 1.0-1.2; A = 6.51011 cm 
and 4¢ = 6. 5x10"! cm/sec (for relativistic protons). These values of A 
and 3% ave much less than those obtained for other flares in the. same rigi- 
dity range. ft is probably caused by the fact that the active vegion, respon- 
sible for the flare, was situated in the south-eastern quadrant of the visible 
disk of the Sun and therefore, solar protons moved at a large angle with 

the lines of force of the interplanetary field. 
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spectra for the flares of May 4, 1960, September 28, 1961, Oct- 
ober 23, 1962, and January 28, 1967 coincide in the rigidity ran - 
-ge 0.2<R<5 Gv. Spectrum of the November 10, 1961 flare in 
the range R = 0.39-1.1 Gv is the only exception. 


The tendency towards decrease in the inclination of spect- 
rum in the region of low rigidities is obvious from Table 14, 6 
while following are the values of the index: y= 5. 5.40.5 in the 
range R = 3-14 Gv, y= 3.8%0.3 (average value of four flares in 
the range R = 0.2-5 Gv) and y = 3, 04073 (R = 0, 001-0, 20 Gv). 
The November 10, 1961 flare apparently requires additfLonaliin- 
vestigation since this chromospheric flare of clasa i* was acco- 
mpanied by the origin of unusual loop-shaped protuberances 
[1.55]. 


It is important to mention that the difference in the values 
of y for very rigid (3-14) Gv) and soft particles (<5 Gv) goes 
beyond the limits of experimental errors. This fact can point 
out the difference of acceleration mechanisms for particles of 
high and low energies. 


14.8. Duration of emission of solar particles, It Follows 
from equation (14.6) that the solution of spherically symmétrical 


diffusion problem (14.5) for an infinite space is mainly deter~ 
mined by the form of F function. The density of source F or 
injection function is the number of particles emitted in unit time 
from the generation region. This function ‘is determined by the 
nature of the process of acceleration of particles on the Sun and 
by the process of their exit through corona and supercorona. In 
the general case, F can depend on the energy of particles and 
time. 


At present, we do not have sufficiently detailed information 
on the nature of dependence of Fon é. andt. From experience, 
only this is known (for example for November 19, 1949 and 
February 23, 1956 flares) that F quickly attains maximum after 
the commencement of chromospheric flare and that it decreases 


oe Interesting ionospheric effects in polar caps were observed during Novem- 
ber 10, 1961 flare (Banks and Sechrisi [11.87] - change in the absorption 
of cosmic radio noises at a frequency of 30 MHz; Bates [I!, 88] - significant | 
“distortions of the phase and amplitude of radio signals of frequency 3-30 
Hz along the path England-Alaska). 
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sharply afterwards according to an exponential law (for example, 
for February 23, 1956 flare, F( €..,t)~e -t/To where T, z 

15 min). The emission function at low energies may be signi- 
ficantly extended with respect to time which partially gives rise 
to the delay of low-energy particles. 


Let us assume that F can be approximated by one of the 
following expressions (the source is taken to be point source): 


Fle, th=N(e,)d(t), (14.54) 

-1 
Fey y=N| - ‘ i i (14.55) 
F(e,, t)=N(e,) e-™, (14.56) 


where N( é..) is the number of emitted particles of energy &,; 

T is the time of activity of the source and Tg is a constant 
characterizing the emission rate of particles; t being counted 
from the commencement ofemission. The case of instantaneous 
emission of particles (14.54) is very convenient mathematically 
for solving the equation (14.5) because of the properties of 

5 -function. This case has been analyzed in detail in literature. 
In the recent past, experimental data were obtained (see Section 
11,2) which pointed out to the possibility of accumulation of 
low-energy solar particles in the interplanetary space during the 
years of high solar activity. Therefore, it is of great interest 
to study the solution of equation (14.5) for the density of source 
in the from (14.55) when the particles are uniformly emitted 
during a finite interval of time T. Putting (14.55) in (14.6), we 
get ( [1.23], Section 63): 


alt Fr, t)= 


1 r? 
_ __ N (&) r(z- ta)" at ot <T, 
~~ ArT n9?x (ey) r (5. 4)—T(q- Buch) at é>T, 


(14.57) 


where Ff is the incomplete gamma function which can be 
expressed in terms of probability integral G(z). 


337 


L.I, DORMAN AND L,I. MIROSHNICHENKO 


After simple transformations, (14.57) becomes 


Alte ©, t= 


1—9(F5)}- t £<T, 

_ Ne) | (Vea ] : be 

~~ 4ran r r 
\°(vaem) (yaa). > 7 


It is easy to show that at t >>T, equation (14.58) is the solution 
for the source in the form of § -function. 


(14.58) 


An expression of the type (14.58) was used by A.A. 
Stepanyan [100] for determining 2¢ and other mean characteris - 
tics of the flare of cosmic rays on May 4, 1960. 


The results of calculations done by L.I. Dorman and L,I. 
Miroshnichenko [101] with the help of formula (14.58) at N = 1038 
particles, 9%= 1043 cm4/sec, T = 10-3.16x107 sec, r = 0.1-4a.u. 
and t = 5x]0%-3,16x107 sec are given below. 


The calculations show that if T is small, the curve of 
change in concentration of solar particles of a given energy is 
less sensitive to the duration of emission. It is obvious from 
Fig. 14, 28 on which curves of change in concentration of solar 
particles are shown for 9¢= 2.75x1 02% cm2/sec ( &, =5 Gew ) 
and for different values of T, The calculated curve (dotted) for 
x= 1021 cm/sec ( €.= 0.5 Gev.) and for the source in the form 
of &-function is shown for the purpose of comparison. It may 
be seen that for particles with & =5 Gevat T<103 sec, we 
geta curve which practically corresponds to the case ofan 
instantaneous source. On increasing T, the maximum of the 
curve gets displaced towards large values of t.: While the 
increase in Concentration is very gradual the decrease after the 
maximum is very sharp. As was expected from (14.7), the 
decrease in concentration at t>>T follows the law ~ t73 2, i.e., 
solution of diffusion equation (14.5) at large values of T does not 
depend on the form of injection function, It is important to 
underline the difference of time variation in this case from the 
case of %& -source. In the case of an instantaneous source, 
concentration quickly increases to the maximum and after this, 
there is gradual transition to the law of decrease ~ t-3/2, In 
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the case of prolonged emission, the concentration increases to 
the maximum more slowly but afterwards starts decreasing more 
quickly than according to the law ~ t-3/2, The transition to 

the diffusion law of decrease takes place only at large values 
t>>T. 


igt 
Fig. 14.28. Time variation of solar particles at the Earth's orbit for differ - 
ent duyations of functioning of the source T [101]. 

Change in concentration with time depending upon the value 
of 2@i.e., transformation of plane emission spectrum at different 
moments of time Ty = 104 sec (dotted) and Ts = 3.16xl 0° sec 
(continuous curves), is shown in Fig, 14.29. It is characteristic 
that the maximum of spectrum in both the cases is attained at the 
same time t = 104 sec after the commencement of emission and 
practically corresponds to the same energy of particles (%= 
1022 cm2/sec) but the maximum flux of particles at T) = 104 sec 
is about 300 times that at Tz = 3.16x10® sec. 


The above-mentioned calculated results facilitate deter - 
mination of the duration of emission of solar cosmic rays from 
the generation region on the basis of time variations of their 
intensity. For example, by applying the equation of the type 
(14,58) to the May 4, 1960 flare, A.A. Stepanyan [100] obtained 


339 


L.I, DORMAN AND L.1, MIROSHNICHENKO 


“0 
Oo 4 2 B 


Fig. 14.29, Differential spectrum of solar particles near the Earth in the casa 
of a prolonged source having plane emission spectrum [101]. 


best agreement with the observed data of Sulfur station (R,, 

1.1 Gv) at 9e¢= 7x1022 cm2/sec and T = 7.5 min. Apparently, 
this result is not very rigid since the value of 9€ used in [100] is 
the average value for all particles having R >1.1 Gv. 


As mentioned above, the experiment points out the expo- 
nential nature of injection function, In this connection, solution 
of equation (14.5) for an exponential source of the type (14.56) is 
studied in the work of L.I., Miroshnichenko [102]: 


i et 
(2 73 QY¥mP I Gop? 
The integral (14.59) cannot be expressed into elementary func- 


tions and therefore, numerical (machine) calculations of n were 
done from formula (14.59) for studying the time variation and 


rn 
n (r, j= e xt-0 dt. (14.59) 
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energy spectrum of solar particles. The same parameters as 
in calculations [101] were used here. 


As was expected, the curves of time variation have a 
maximum which is displaced towards lesser values of t on 
increasing 3¢while the maximum becomes more diffused on 
increasing T, (Fig. 14.30). 


-H ree6¢s6 67 
12345678 
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Fig, 14, 30, Time variation of solar particles at the Earth's orbit in the case 
of an exponential source at a) T, = 10” sec and b) T, = 107 sec. 


The change in theiconcentration of particles of different 
energy at the Earth's orbit due to an increase in T, is of great 
interest. It is seen from Fig. 14.31 that the concentration at 
any time of observation (curves for t; = 104 sec and to = 105 sec 
are plotted in Fig. 14.31) practically atops increasing at large 
values of T, while the maximum is displaced towards lesser 
energies (from 2 = 102 cm2/sec to % = 1077 cm2/sec) on tran- 
sitting from t) tot2. The dependence nay (To) at the Earth's 
orbit is shown in the same Fig. for particles having = 1020 
cm2/sec and ¢= 1021 cm2/sec (dotted), It is seen that at not 
very large values of Ty, the concentration of particles at the 
time of maximum, changes proportionately to T.. The growth 
Nmax(To) becomes slower in the region of very large values of 
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Fig. 14.31, Change in the concentration of sqlar enue of ain erent pits 
at the Earth's orbit at a) t; = 104 sec and b) to Sec. 
dependence nyaqy (To) is pee by dotted curées. 


Spectra of.solar particles at t) = 104 sec and tz = 10° sec 
for different values of T, and by assuming the emission spectrum 
to be plane, are shown in Fig. 14.32. The shape of spectrum 
expected at the Earth's orbit slightly depends on T,, but it prac- 
tically does not depend on T,, at Toy 10° sec (in any case, at the 
selected values of t and t2). 
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Fig. 14. 32. Spectra of soler sadee: near the Earth in the case of plane 
spectrum of the source: a) £; = 104 sec; 6) tg = 10° sec. 
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The dependence of the time of appearance of maximum 
concentration of solar particles on T, is shown in Fig. 14.33. 
It is seen that the dependence t,,4,(To) is very weak at low 
values of @and T,. However, significant growth of trax is 
observed on increasing #@and Tg. Thus, for example, ta, for 
particles of very high energy @¢= 1023 cm/sec) changes by 
about three orders on Changing T, from 10 to 10? sec, 


U9 bee 


~%S WwW fH GQ @& 


$2345 67 
Lg % 
Fig. 14, 33. Dependence of the time of appearance of maximum concentration 
of solar particles on To. 
In order to explain the above -mentioned peculiarities of 
time variation of solar particles, let us consider the asymptotic 
behavior of integral from (14.59) for two extreme cases. 


1) Tg is small, Introducing the notations 
r2 
—— oo(-agaa) 
(2 nxt) (¢ —+)*? _ 


(14.59) can be written in the form 


t 
n=A[e-Tep(t—1)dt. (14.60) 
t/ . 
Since the exponent e fT at low values of T, decreases very 
quickly, the function Q(t-T ) can be approximately replaced by 
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its value at the point T = 0 and upper limit of integration can 
be put equal to eo , Then, the relation (14, 60) takes the form 


n= Ap(t)Ty (14.61) 


from which it follows that n,,,, ~ To in accordance with the 
dotted curves of Fig. 14.31, in the region of low values of Ty. 
Moreover, differentiating (14.61) with respect fo t and equating 
the derivative to zero, we get Bv/at =AT,.d@/at =0, 1+ ,9¢/9e~ g 
from where it can be concluded (without calculating t wax 
explicitly) that t,,,, practically will not depend on Ty in the 
region of low values of To. This result does not contradict the 
curves of Fig. 14.33 at low values of T,. 


2) To is large. In this case, the index - &/T, of the 
exponent will be small at every value of 7] . Taking it into 
account, let us expand e ~*/To into a series. Then, (14.59) 
takes the form 


1 72 1 7 


=afe e¢—a/1 —ts a | sat a= 


= fou—aarta fou —or(g Adz. (14.6 


2 1 3 
where 1 ear eee Be TS +... Firstly, it is 


seen from (14. 62) that the dependence of concentration of particles 
on T, at the time of maximum is more complicated at large 
values of T, than at low values of. T,. It corresponds to the 

form of curves nmax(To) shown in Fig. 14,31 for large values 

of To: Moreover, owing to the presence of two terms in (14. 62) 
‘one of which depends only on t and the other on t and Tp, it can 

be concluded (without calculating t,,,, explicitly) that thay will 
depend on T, at large values of T, in accordance with the curves 
shown in Fig. 14.33. 


Let us now study the behavior of integral (14,59) at large 
values of t (t->°), Differentiating (14.59) with respect to t: 
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Oe Lor eC | ESOS AI col 
> a ht ay aaae 7? ( aa) (14.63) 


and solving the equation (14.63) with respect to n (expansién of 
e-12/4 ®t into a series is used here), we get 


a= ATE 4 AT (5 To— E+ 
+ TAT Te Z EEL ea] oe (40H 


from which it is seen that on increasing t, the dependence n(t) 
asymptotically approaches the iaw ~ t73 


Thus, the shape of the curves of time variation at large 
values of t is less sensitive to the value of T, and satisfies the 
equation of isotropic diffusion in an infinite space for the case of 
instantaneous source. On the other hand, two other important 
characteristics of solar cosmic rays, namely, time of appearance 
of the maximum tma, and concentration of particles n,,,, at this 
moment of time, significantly depend on Ty. It facilitates deter - 
mination of the value of T, from the experimental data if the 
differential spectrum of solar particles is measured during a 
long interval of time and within a wide range of energies. th, 


It is assumed by Nagashima [103] that F can be Pen eee 
ed by one of the following three types of functions; 
I. F=Nd(r)a(R — R)d(t). (14.65) 
1. F= Nd(r)f (RS (2). (14.66) 


Ill. Fanon rn R) 9(4o(—#+2,) (14.67) 


where S& is the delta function while @ (x) 21 at x0 and 
© (x) =O atx, 


The type I function corresponds to instantaneous emission 
of monochromatic beam of particles of rigidity Ry. The type I 
refers to the case of instantaneous injection of particles with 
continuous rigidity spectrum and the type Il to the case of conti - 
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nuous and prolonged emission of cosmic rays with monochromatic 
or continuous rigidity spectrum during injection period Ats. 


As far as boundary conditions are concerned, it is assumed 
in [103] that the diffusion region extends to a distance of rg from 
the source while A_ is infinite beyond this region. To simplify 
the analysis, the ratio = Tp/tro has been introduced where rp 
is the distance of the observation point from the source. Time t 
is counted from the moment of maximum intensity tma x and is 
expressed in terms of the units of interval during which the maxi- 
mum intensity reduces by 2 times. In subsequent discussion, 
this rated time is denoted by 7 . The intensity is graded in 
terms of the maximum intensity. Periods of increase and 
decrease of intensity are known as premaximum and postmaximum 
Periods, Let us assume that the particles are emitted by a 
source of type Il with the power rigidity spectrum and they pro- 
pagate in the medium of diffusion coefficient }@~R°%. We will 
also assume that solar cosmic rays generate secondary particles 
in the terrestrial atmosphere with the integral generation multi- 
plicity factor m ~ RK, In this case, as shown in [103], the 
intensity observed at the Earth's surface will almost be the 
same a8 in the case F of type I, i.e., the source of type II is 
equivalent to source of type I within the limits of the above -made 
assumptions. 


Injection period At, is the only factor thai has an effect 
on the shape of the intensity-time curve. Therefore, a compari- 
son of the observed intensity with the calculated curve facilitates 
determination of the value of Atg. In [103], the diffusion co- 
efficient has the form 7= A( At,)r2/% = where r is the distance 
of observation point from the source and A is weakly changing 
function of At,. From here, it is possible to evaluate 3¢ with 
an accuracy up to some Constant factor even if we don't have any 
information about At,. The total number of particles, emitted 
during injection, also hardly depends on (tg. 


Existence of a finite limit on diffusion region complicates 
the dependence of intensity on time. According to calculations 
[103], deviation of curve at §& = 1/2 for premaximum period 
from the curve for the case of three-dimensional diffusion in an 
infinite medium is negligible. Thus, if it can be established 
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that $<1/2, it would be possible to neglect the effect of the 
finite limit. The corresponding deviation, caused by the exis - 
tence of finite limit, for the postmaximum period is significant 
even if the value of @ is approximately equal to 1/2, 


14.9. Consideration of motion of magnetic irregularities. 


If the irregularities of magnetic field, scattering solar cosmic 
rays, move radially from the Sun with velocity u, the equation 
of diffusion by convection of particles takes the form: 


s =*WVn—ugradn+F(r, 8; 2(r, 0)=0 (14.68) 


(O<r<oo, £>0). 


Taking F(x, t) = N8(r) §(t), we get the solution of (14, 68) 
in the form 


N c— z 
Me N= Gye ep[- F (14.69) 


Obviously, in the case of ut ~ r, the concentration of solar 
particles ata fixed distance decreases more quickly than in the 
static case (u=0), The moment of attaining the maximum inten - 
ae! i also depend on the rate of motion of irregularities 
I, 2]: 


3x 2p2 
t = Sly wr lah awe ot 
max rm 1+ Ox? =£h ~—qor4+,e- sae 
(14.70) 


At r2u2 /et<c<l, the expression (14, 69) changes into (13.7). 
Given below are the results of calculation obtained by L.I. 
Dorman and L,I. Miroshnichenko [87] for concentration of solar 
cosmic rays as a function of time and distance from the Sun at 
N = 1038 particles, = 1029-1023 cm2/sec, u = 0-3, 16x108 
cm/sec, r= 0./3 au. andt= 103-107 sec. 


The dependence of 220n the energy of particles must, with 
the passage of time, lead to enrichment of their spectrum with 
low-energy particles. This is confirmed by the analysis of data 
on a number of flares [I.3; 1.23; 33]. On the other hand, the 
Spectrum of solar particles in many cases [{I.35; Ill. 137] 
apparently has the tendency towards an increase in rigidity with 
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the passage of time. Possibly, in the works ~[I, 35; I. 137] 
the results are partially explained by the convection of particles 
due to radial motion of irregularities from the Sun, Calculations 
[87] showed that the generation spectrum of solar cosmic rays 

in this case undergoes significant changes in the region of low 
energies at sufficiently large values of t, It is obvious from 

Fig. 14,34, where the’ dpendence of concentration of solar parti - 
cles at the Earth's orbit on w@(i.e., on their energy) is shown 
for u = 0 (continuous curves) and u =°3,16xl 07 cm/sec (dotted 
curves). 


we wo" = 9% — x 


Fig. 14. 34, Dependence of the concentration of solar barticles at the Earth's 

orbit on their energy for u = 0 (continuous curves) and u = 3.26% 

107 cm/sec (dotted curve). 

The change with time in the concentration of solar particles 

of different energies at the Earth's orbit is shown in Fig. 13.35 
where the continuous curves are plotted without considering the 
motion ( u = 0) and the dotted curves, for u =~ 3.1 6xl 0? cm/sec. 
In the case of particles of the same energy (= 1022 cm2/sec), 
their concentration at different values of u will Change in accor - 
dance with Fig. 14.36 where continuous curves refer to the 
Earth's orbit and the dotted curve, tor =3a.u. As is obvious 
from Fig. 14.36, the motion of irregularities has the maximum 
effect on particles of nonrelativistic energies e= 1020 cm2/sec) 
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Fig. 14. 35. Change with time in the concentration of solar particles of differ- 
ent energies at the Earth's orbit for u = 0 (continuous curves) 
and u = 3, 16x10© cm/sec (dotted curves). 
by displacing the time of maximum intensity towards lesser 
values of t in accordance with (14.70). In this case, the rate of 
decrease at sufficiently large values of t increasees significantly 
on increaSing u. 


These results of calculation apparently do not give a base 
to conclude about the exponential nature of decrease in the 
intensity of solar particles but it is beyond any doubt that, owing 
to radial motion of magnetic irregularities from the Sun, the 
intensity on the Earth decreases more quickly than according to 
lawn 73/2 especially for low-energy particles and at sufficient 
ly large values of t. 


The motion of magnetic irregularities does not have any 
effect on the spectrum of solar particles in the beginning of the 
outburst and during the initial period of decrease of intensity at 
the Earth's orbit. However, this effect can be significant at 
later stages of an event especially for particles which give rise 
to polar cap absorptions of short radio waves. It is difficult to 
detect this effect experimentally due to the possible existence 
of a variable background of low energy particles in the inter- 
planetary space (see Section 11) and due to unsuitability of diffu- 
sion approximation at energies ey < 100 mev. 
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Fig. 14.36, Change with time in the concentration of solar particles at various 
velocities of magnetic irregularities. Continuous curves - for 
y=1a.u.; dotted curve - forr =34a.u, 


15, SOME MODIFICATIONS OF THE DIFFUSION MODEL 


For explaining the limits of applicability of diffusion appro- 
ximation, itis important to consider some cther limitations as 
well {in addition to those mentioned in Section 14) imposed by 
the interplanetary magnetic field (for example, anisotropic 
diffusion) and properties of the source (finite dimensions, posi- 
tion on the solar disk, etc.). 


15.1 Anisotropic diffusion. Letus consider a point, 
instantaneous source situated at the origin of coordinates, 
Putting B = 1 and assuming diffusion to be one-dimensional, we 
get the solution of (14,27) in the form 


a(R. x t) = e “8. (15.1) 
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This result is important for quantitatively explaining the 
observed transformation of the spectrum of solar particles with 
time and for explaining the dependence 2e(R). 


Diffusion of solar particles in the presence of quasiradial 
field can be the cause of displacement of maximum outburst for 
flares of different types. It follows from equation (14. 8), that 
the duration of time interval from the commencement of the 
outburst to the maximum ata fixed distance from the source is 
inversely proportional to diffusion coefficient: t..5.~ ne \ and 
consequently, to the transport range: tyj,,~A-1. Taking this 
into consideration, it is apparently possible to understand the 
displacement of t,,,, of type B and C outbursts with respect 
to truax of type A outburst in the light of the concepts of the 
twisted interplanetary field, As mentioned in Section 10, type A 
outbursts are Caused by the flares on the western limb of the 
Sun when the twisted lines of force of the regular interplanetary 
field directly connect the Earth to the active region responsible 
for the flare. Outbursts of type B are caused by chromospheric 
flares near the central meridian of the Sun when the direct 
magnetic connection between the Earth and the corresponding 
active region can be absent. Assuming that solar particles in 
the first case diffuse parallel to the lines of force and in the 
second case, perpendicular to them, we get the ratio: 


t, oA 
——-l, % 
ip oly (15.2) 


where ty and ty are the times of maxima for outbursts of 
type A and B respectively and Ay and f\, are the mean free 
paths parallel and perpendicular to the field respectively. On 
the other hand, according to L.I. Dorman (51], the ratio of 
these mean free paths is equal to 

A 1 

—t =—_,, 15.3 

. 
Ay 1+ 057 ( ) 


from which, for protons of not very large energies, we get 


A 1 e? 
Ee. 15. 
Ay CHAS ( 4) 
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With the help of (15.2) and (15. 4), it is possible to find out the 
intensity of regular component of the interplanetary field: 


ty 
h== eA eh ty * (15.5) 


A similar approach was aes in the work of B,. M. Vladi- 
mirskii [104] to two groups of flares: flares of the first group 
occurred in the regions responsile for Forbush reduction (diffu- 
sion parallel to the lines of force) while flares of the second 
group, in the regions not related to Forbush reduction (diffusion 
perpendicular to the field), The obtained ratio t 1 /* i, is 
approximately equal to 3. If the value of about 4 : 10*+ cm, 
found out by N.S. Kamineretal. [I. 35] for the May 4, 1960 
flare, is taken for Ny and if the energy of particles is taken 
to be about 3 Gev, we get Ho~4x10-5 gauss = 4 y which is well 
in agreement with the resuits of direct measurements (see 
Section 13,2). 


The effect of the radial interplanetary field on the diffusion 
of solar cosmic rays was also studied by V.I. Shishov [50] (see 
Section 16, 2). 


15.2 Source of finite dimensions, As suggested by 
Kawabata etal. [105],- a cosmic -ray flare can develop in the 
following way: acceleration of particles to the energies of 
cosmic rays takes place in the region of solar flare; the 
accelerated particles are captured by magnetic fields in the 
solar region in a volume of radius Tow 0. 2-0.4a.u.; particles 
emitted from this volume increaSe the intensity of cosmic rays 
in shock zones on the Earth's surface; a small fraction of 
particles is reflected by the external trapping field surrounding 
the Sun and the Earth which leads to isotropizatiun of the beam. 
Such a model of flare leads to the following heterogeneous diffu- 
sion equation: 


0’n 


w=*|gtFF]. U<n t<+oo, | 


n(r, Oy— {= Const at O<r<n, 
? at y<r<+0o, j 


(15.6) 
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where r is the radius vector in the spherical system of coordi- 
nates. The solution of equation (15.6) can be represented in the 
form 


veo- sTelira)-oCGral+ 


mf [exp(— 3 are freed) exp(— See), (15.7) 


where @ (z) is the probability integral. 


Analyzing the data of May 4, 1960 flare, McCracken [4] 
arrived at the conclusion that the delay of the effect at different 
stations can be explained by the model in which the source 
occupies a volume of radius about 0.25 a.u. On the basis of 
observations from the Earth, the angular dimension of this 
source will be @,x30°. Sucha value of angular dimension of 
the source was used by N.S, Kaminer [106] for caiculating 
shock zones. The analysis of experimental data, made by 
Firor [1.7], shows that the value A@,~ 30° mostly corresponds 
to reality. This conclusion is true, in particular, for the 
February 23, 1956 flare [I. 2). 


Using the model of injection of particles ata distance of 
0.25 a.u. from the Sun, it is necessary to take into account 
their collective interaction right up to this distance, However, 
as mentioned by McCracken [4], on the basis of this model, it 
is impossible to explain large pitch angles of particles observed 
during May 4, 1960 flare as well as the ratio between the den- 
sities of the energy of interplanetary magnetic field and solar 
cosmic rays. 


15.3 Dependence of the effect of flares on their helio - 
coordinates, The elementary diffusion model cannot, in 
particular, explain the dependence of the amplitude and time 
scale of cosmic-ray outbursts on heliolongitude of corresponding 
solar flares, For quantitative explanation to this dependence 
as wellas for describing the concluding phase of a flare of solar 
cosmic rays, it is necessary to consider the possible Changes 
in diffusion coefficient on increasing the distance from the Sun 
and the dependence of diffusion coefficient on direction. 
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Existence of the regularized radial magnetic field in the 
solar system makes the diffusion of particles anisotropic and 
therefore, 9in the general case is a tensor of secondorder, As 
the first approximation, G. F. Krymskii [94] assumed that 
re (0) = art, (r) where 2, and x, are diffusion Coefficients along 
and perpendicular to the radius while x.~rP where B>0. The 
process of injection of particles from the Sun is considered to 
be instantaneous and taking place at one place. 


Under these assumptions, the time variation of solar 
particles was calculated by Krymskii [94] at various distances 
from the Sun and at various angles between the radius vectors 
of observation point and the point of particle-emission. Sucha 
calculation can be used, for example, for analyzing the outbursts 
of cosmic rays due to flares on the invisible hemisphere of the 
Sun, for comparing the outbursts on the Earth and at significant 
distances from it, etc. An analytical solution of this problem 
is described below. 


In the spherical system of coordinates with polar axis 
passing through the ejection-point of particles, the concentration 
equation has the form: 


da 1 @ On x i 
% =a y (PH e+ na (sin 0s) (15.8) 
At the initial condition 
_ N 
a(r, 8) feo Fesind © — To) 8 (8) (15.9) 


following solution of (15. 8) was obtained in [94]: 


P-B 4 2-6 
é | . 


148 N 
n(r,® t)==(ror) 2 TT exp |- Qa Haot 
@ 


= ooe. 
1 > | 2(ror) oe 
«2 (e+ 7) Pr (cos 0) I, aap | 510 


Here ly ‘is the Bessel function with imaginary argument, 
P,, is Legendre polynomial, ae is the radial coefficient at 
r = rgand%,=[(1+B)2 - 4 (re /x,)) 4 (kt1)]!/2 4 (2-8). 
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The expression (15.10) gives the solution of this problem 
for the index 6 within the limits 0 <A<2. The results of 
Section 14.6 show that B<1l. Equation (15.10) can be tabulated 
on electronic computers. 


15.4 Anistropy of solar particles in diffusion approxima- 
tion. A beam of particles 2%dn/dr, directed from the Sun, must 
be obeerved on the Earth's orbit some time after the chromo- 
spheric flare. It leads to anistropy whose amplitude, by taking 
into account (14.7), will be 7-itermined by the relation 


__xdn[arp er 
qn =a: (15.11) 


Let us consider the following problem in order to 
evaluate the degree of anisotropy of a beam of solar particles 
in diffusion approximation by taking into account the angular 
distribution of their velocities. Let N particles be emitted 
from a point, instantaneous source, situated in an isotropic 
infinite medium, at time tp = 9. Then at t >to, there will 
be n(r,t, 1) du dr particles in the interval between r and r + dr, 
the velocities of which will make an angle of @ with the direction 
of r and therefore, cos@ lies between py» and 1 + du (u = cos@ ). 
From this, we get 


+1 
a(r, =dr Jxe é, np) dp. (15.12) 
-1 


Let us further assume that the dependence of n on t can be 
expanded as 


ar te w= Bein (r, P= ne A+ amr, \+wa(r H+... 
(15.13 


and the dependence on angle is very weak because of which we 
have to limit ourselves with the first two terms of the expansion. 
Then, the first term will define the concentration of isotropic 
beam of solar particles and the second term, the concentration 
of anisotropic beam. The higher-order terms will describe the 
Minute details of distribution of particles and therefore, can be 
neglected [43]. 
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Determining the functions n, and nj which do not depend 
on 41 and putting them in (15.13) , we get [87] 


1 oN pei 
a(r, t, ")= > Oya e * [1-+ mJ], (15.14) 


where %= 3r/2tv is ‘the amplitude of relative anisotropy for the 
beam of solar particles, the velocities of which make an angle 
(2 =cos@ ) with the direction of r, The value of % in (15, 14) 
is 3 times more than the estimated value (15,11). In this case, 
in contraat to (14.20), anisotropy must be observed not in the 
form of an exponential cofactor but in the form of an additional 
term depending on the value of 6 . It is important to mention 
that under the assumptions made while deriving (15.11) and 
(15,14), the amplitude of anisotropy does not depend on A and 
‘is inversely proportional to velocity of the particles and time 
from the commencement of the flare. 


Anisotropic beam of solar particles of concentration 
given by equation (15.14) attains the maximum at a time determi-. 
ned by the following relation: 


tua = Fog (ro — 1p) 4+ V (ro — TSeuy? + B6rom}. (15:15 


Equations (15,14) and (15.15) can be verified experimentally by 
Measuring anisotropy of solar cosmic rays in the interplanetary 
space, 


15.5 Time variation of solar particles and geometry of 
diffusion process. As was shown in previous Sections, solar 
protons injected into the interplanetary medium diffuse to the 
Earth by scattering at the "frozen" magnetic irregularities which 
were uniformly distributed in the interplanetary space. On the 
other hand, it is known that solar corona does not always have 
spherical shape and that the magnetic field of solar wind is 
twisted into Archimedean spiral due to rotation of the Sun, In 
this connection, Boldt [107] made an attempt tc show that the 
observed moment of maximum of the time variation of solar 


cosmic rays is an ambiguous indicator of the geometry of 
fliffusion process, 
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The distribution function for particles, diffusing between 
scattering centers of a passive medium, corresponds to 
Smolukhovskii's generalized diffusion equation which is of the 
form 


49 [nu-+J]=0, (15.16) 


where # is the drift velocity of the medium (i.e., velocity 

of the solar wind) and J = -% Vn while t= 2€;j is the diffusion 
tensor (i, j=l, 2, 3) consisting of 9 terms. Since the 
velocity of diffusing protons (€10!0 cm/sec) is more by about 
3 orders than the velocity of solar wind, it can be assumed that 
u=o. 


Let us consider two extreme cases: 1) three-dimensiona 
isotropic diffusion characterized by diffusion coefficient wij = 
, §ij (85; is the delta function) and 2) one-dimensional 
diffusion defined by diffusion coefficient ij =O at (i, j) # 
(1.1) and 9€;; =24,. Let us assume that the particles were 
emitted at the moment t, = 0 at the origin of coordinates in an 
infinite medium, As far as the physical situation at the absor- 
bing boundary r, is concerned, the solution for infinite medium 
is approximately valid [1.61] under the condition that the 
observations are restricted in space andtime, |r} < rg 
andt < 107} (r2 joe), 


‘In the case of three-dimensional isotropic diffusion, 
solution of diffusion equation (15.16), satisfying these limitat- 
ions, is of the form 


a -32 . 
Nz = (4%) exp (— oa (15.17) 
and in the case of one-dimensional diffusion 
u,= TH oe as Je, 
1= (424,) exp ica): (15.18) 


The solutions of equations (15,17) and (15.18) are simil 
in form to the corresponding solutions of the problem of causal 
straying of particles with velocity v and step length L [4] ]. 

For the case of three-dimensiunal diffusion, we get . 


n= (Flot) exp(—77 5). (15.19) 
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In the one-dimensional case , the solution of the problem 
of causal strayings has the form , 


es 2 
n, = (42L, vt)” exp (— ata) (15.20) 
Comparing (15.19) with (15.17) and (15.20) with (15.18) we get 
1 
%3= 3 OLy (15.21) 
%; =!,. (15.22) 


Fora given observation point r, from (15.19) and 
(15.20) , we find that the intensity becomes maximum at the 
moment tax defined by the relation 


fnax = 950° (15.23) 


Patting (15.21) and (15.22) in (15.23) , the relation for 
t max Cn be rewritten in a form which facilitates better differen- 
tiation of two extreme cases. For isotropic diffusion (15.21), 


we get 


ifr 
er oe (15.24) 


In the one-dimensional case, 


1frV¥A 

It can be seen from thie that when %€] =%¢3, the 
intensity in the case of three-dimensional diffusion becomes 
maximum three times earlier than in the case of one-dimen+ 
sional diffusion, Moreover the exit of particles beyofid r, 
becomes significant at t<<t ».4,a, for one-dimensional diffusion 
but at t >t, ,a, for isotropic diffusion. According to the above- 
mentioned limitations imposed on the idealized solutions, 
such a Situation can exist when (r/rg)@ 21/5, On fulfilling 
this condition, observations on the Earth will be comparatively 
insensitive to one-dimensional component of the diffusion 
procese, In other words, the-role of one-dimensional diffusion 
cannot be observed under present conditions of observations. 


15.6 Diffusion model for the initial stage of a flare. 
In the work of Reid [108] , ansattempt has been made to explain 
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the initial anisotropic phase of a cosmic-ray outburst on the 
basis of the following model. 


Protons from a flare diffuse along the Sun's surface in 
a thin layer of its atmosphere (two-dimensional diffusion) and 
gradually impregnate into a tube of the lines of force of the 
interplanetary field. One of these tubes connect the Sun's | 
surface with the Earth's magnetosphere. As the density U of 
protons near the base of solar-terrestrial magnetic tube 
increases onthe solar surface, the flux of protons on the Earth 
will also increase by remaining anisotropic. 


The region of solar atmosphere, where the diffusion 
takes place, is considered to be thin as compared to the dimen- 
sions of the Sun and therefore, the problem can be solved with 
the help of the equation of two-dimensional diffusion. Thus, 
Reid's model radically differe from the model of Liist and 
Simpson [1.3] who, for explaining the delay of particles from 
the February 23, 1956 flare, studied diffusion through a 
spherical volume extending ap to ~ 50 rg. 


Let us now determine the surface density U of particles 
at a point situated on the solar disk at a distance r from the 
place of flare, Let us also assume that the rate of filling of 
a given tube of force by particles is proportional to surface 
density near its base, Had there been no leakage of particles 
from the internal corona, the corresponding diffusion would be 
of the form 


oUt 

YW savy, (15.26) 
2; : : ; a 2 by £ 

where 7% is the two-dimensional operator: ( o/o* + 1/03). If 

N particles are instantaneously liberated at r = 0 and tg =0 

the corresponding solution of equation (15. 26) will be 


a r? - 
U = gag exe (— saz). (15.27) 


If it is assumed that k particles are lost at the given point in 
unit time, the equation (15.26) takes the form 


FAV — RU. (15.28) 
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This equation has the solution 


oN 2 
U= ae exp (- = kt). (15.29) 


In these equations, a2 is the diffusion coefficient whose 
physical meaning will be discussed later. In subsequent dis- 
cussion, it is assumed that the leakage of particles from the 
eolar atmosphere takes place only in the tubes of force of the 
interplanetary magnetic field. 


If all the tubes have similar configuration, the observed 
flux of particles will be simply proportional to the total number 
of particles in a tube. This assumption is of great significance 
for analyzing the anisotropic stage of the September 28, 1961 
flare, 


The rate of filling of a tube of force, connecting the Sun 
and the Earth, is proportional to the surface density U of 
particles near the base of the tube at a certain moment T before 
observation, where @ is the time of rectilinear propagation 
of particles from the Sun to the Earth at a suitable velocity. 


Basing on these assumptions, Reid obtained the 
relation 


F' (t) = AU (#'), (15.30) 
where F' (t) is the rate of increase of flux with time at the 


moment t, A =const andt'=t —@% . It follows from equation 
(15.30) that 


In|e’F’ (| =1n A — oe. (15.31) 


This relation shows that at low values of t' (i.e., for 
the anisotropic phase of a flare), the graph of In{t'F'(t)] as 
a function of 1/t' is a straight line with an inclination - 
~r2/4 a2, If 6ther factors, for example, the leakage of protons 
from the tube, are neglected, this dependence at later moments 
of time must change proportionately to t' with inclination - k, 


Analysis of data [1.23] forthe September, 28, 1961 flare 
shows:that the linear dependence, predicted by formula (15. 31) 
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at low values of t', is observed during the whole of the ou‘buret 
of particles with &), = 330 — 600 Mev and right up tol/t' = 
0.75 hrs”! for particles with €, = 130-330 Mev. Thies sudden 
change in inclination at 1/t' = 0.75 hrs7! for particles of lesser 
energies approximately corresponds to the moment of time at 
which good conformity of data.with the model of three-dimen.- 
Sional diffusion was observed by Bryant et al, [1,23]. 


Let us define r as the radial distance from the place 
of flare to the base of the tube of force related to the Earth 
and assume that the solar atmosphere can be considered to be 
plane. This latter approximation is apparently disturbed at 
large values of r since the internal corona is, as a matter af 
fact, a spherical shell rather than a plane. The maximum 
possible value of r is equal to half the Sun's circumference and 
at such a distance, the plane approximation must lead to 
large errors. However, it is correct to assume that this 
approximation is sufficiently valid up to distances more than 
1/4 2m re(i.e., for points situated on the longitude of 90°). 


To evaluate r, Reid makes use of the model of inter- 
planetary magnetic field, worked out by Parker [1.61], by 
assuming that the solar wind at the earlier stage of the Septem- 
ber 28, 1961 flare had a velocity of about 400 km/sec which 
corresponds to quiet conditions in the interplanetary space. 
Taking into account the twisting of the field, we get that the 
ground tube of force starte on the Sun in the region having 
heliolongitude A~60°W. The flare had oceurred in the region 
A ~30°E, i.e., the distance along the longitude is of the order 
of 90°, and therefore, it can be approximately put that 
r =1/42Tr T.* 11x10! cm, 


In accordance with diffusion theory, the diffusion 
coefficient is expressed by the formula a2 = vA/3 where v is the 
velocity of particles and A is the mean free path in the diffusion 
medium. Using the data of Bryant et al. [I. 23], Reid 
obtained the characteristic parameters of diffusion in the 
corona which are given in Table 15.1 where v is the average 
velocity of protons in the above-mentioned energy ranges. 


Thus , the time variation of solar protons at the earlier 
stages of the September 28, 1961 flare can be described by a 
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model according to which protone are emitted instantaneously 
and later on diffuse in solar system with a mean free path of 
about 600 km by constantly getting into the tubes of forces which 
extend deep into the solar system. 


On the basis of data on September 28, 1961 flare, it is 
possible to evaluate the upper limit for the coefficient k of 
losses by taking into account that the term r2/4 a2t' in equation 
(15.31) defintely predominates over kt' at 1/t' = 0.75 hre~!, 

It follows from this that k must be less than 1,25 hre@! 
(3.5x10°4 sec“!),. This indicates that the protons, on an 
average, exist in the solar corona at least for one hour before 
entering the tubes of force of the interplanetary field or they 
"get lost" in the dense layers of the solar atmosphere. 


Let us mention that the value Aw 60 km has the same 
order as the dimensions of visible granules on the solar 
diek which have angular dimension of about 1" corresponding 
to a linear dimension of about 760 km, It is correct to assume 
that the magnetic field in chromosphere and near the corona 
base must have a fine structure with similar characteristic 
dimensions, 


Reid showed that, if k is small (for example, k ~ 
1075 sec”) , the arrival of protons from flares on the invisible 
side of the Sun is highly probable. It was experimentally 
established that almost all the outbursts of solar particles are 
associated with flares on the visible side of the Sun, This 
fact facilitates the assumption that the value of k in most of the 
cases is much less than 1074 sec-! but it does not eliminate the 
possibility of occasionaly observing the emission of protons from. 
flares on the invisible side of the Sun. The beam of particles, 
observed in these cases, must have low intensity but probably 
large duration, 


Reid [108] does not point out a mechanism which could 
force the protons to move through the solar atmosphere in a 
disorderly manner, It is important to mention that the effect 
of collisions onthe motion of energetic protone in corona can 
be neglected. The density of charged particles (mainly protons) 
near the corona base is approximately equal to 3x108 cm”? at 
the heliocentral distance of about 1.03 rg while the cross section 
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of scattering proton-proton is about 10728 cm2 at energies of the 
order of a few hundred Mev. From here, the average mean 

free path-of a proton for scattering will be ~ 3x10!7 cm, i.e., 
about 10° times the circumference of the Sun, Thus, it can 

be confidently considered that the interactions, responsible 

for diffusion of protons, must be magnetic in nature. 


It igs necessary to point out that only the initial stage 
of a flare of cosmic rays is analyzed in Reid's model. The de- 
crease in the flux of solar particles at a later (isotropic) stage 
represents evacuation of tubes of force which at the earlier 
(anisotropic) stage were filled due to diffusion. 


The nature of the phase of decrease often abruptly 
changes with the commencement of geomagnetic storm which 
ie usually observed 1-2 days after a chromospheric flare. 
These sudden changes can be qualitatively unde:rstood on the 
basis of Reid's model [108]. The sudden commencement of a 
magnetic storm on the Earth is apparently caused by the arrival 
of a noncolliding shock wave, inthe interplanetary medium, 
which separates the region of quiet solar wind (before shock 
wave) from the region of high-velocity solar wind (after shock 
wave). Since the location of the ground tube of force on the 
Sun is determined by the curvature of the lines of force, which 
decreases with an increase in the velocity of solar wind, the 
propagation of shock wave must be accompanied by a quick 
displacement of the point, connecting the Earth and the Sun, 
towards the east, For example, if the velocities of the solar 
wind before and after the shock wave are respectively equal 
to 400 and 1500 km/sec, the arrival of shock wave will be 
accompanied by displacement of the connecting point froma 
longitude of 60°W to the longitude 15°W with respect to the 
central meridian. This displacement leads to a change in the 
value of r in Reide's model and possibly, later on, gives rise 
to a sudden change in the flux of protons on the Earth! Detaile 
of this change, in every case, will be defined by the configuratim 
of the lines of force of the interplanetary field between the 
shock wave and the cloud of solar plasma which pushes the wave. 
However, inthe long run, an increase in the flux will be 
observed if the new connecting point lies near the place of flare 
or there will a decrease inthe opposite case. Thus, Reid's 
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model gives a simpler picture of the effect of magnetic storm 
on propagation of solar particles than the model with protons 
captured in the trap of the type "magnetic bottle". 


At present, much attention is being paid to different 
models of anisotropic diffusion of solar cosmic rays (see 
McC racken et al. [109], Axford [110], Burlaga [111], Kondo 
et al. [112]. 


16. KINETIC MODEL 


As mentioned earlier, the characteristic feature of the 
interplanetary magnetic field, defining the process of propaga- 
tion of energetic protons, is the existence of irregularities of 
dimension 10910-1012 cm which is comparable to the fadiue of 
curvature of cosmic particles but is small as compared to the 
dimension of the solar system, The irregularities scatter or 
reflect the energetic protons forward and backward along the 
lines of force of the large-scale field which leads to straying 
of particles in the reference system associated with the 
irregularities. Ifv<<W,i.e., if the scattering is rare as 
compared to Larmoroy frequency, the particles diffuse weakly 
in a direction transverse to the lines of force. The motion of 
particles in-between the acts of scattering ie described by the 
model of the guiding center. On the other hand, if ¥~, the 
diffusion transverse to the lines of force is very significant. 
Obviously, the diffusion coefficient, describing these arbitrary 
strayings, represents a tensor %;; while ite component parallel 
to the field is much more than that in the perpendicular 
direction. In this case, it is necessary to use more tigorous 
mathematical treatment based on the probable nature of distri- 
bution of strayed particles in the interplanetary space. 


16,1 Statistical study of anisotropic diffusion, It is . 
clear from the above-mentioned facts that diffusion of solar 


particles in the interplanetary space, in general, has 
anisotropic nature. Moreover, their motion in the inter- 
planetary field of configuration, described in Section 13.2, 
actually consists of two diffusion movements: 1) " one- 
dimensional diffusion" along an isolated tube of magnetic lines 
of force of mean free path £) which is equal to the average 
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distance, measured along the lines of force, between irregulari~ 
ties of the field and 2) "three-dimensional diffusion" related 

to chaotic changes inthe direction of field in space at the 
average length b of the quasiregular séction. In the case of 
such a model of motion of solar particles, it is apparently 
possible to apply probable consideration of the problem as was, 
for example, done inthe work of G.G. Getmantgev [113] the 
results of which are described below. 


The probability of displacement of a particle in the 
case of one-dimensional duffusion is determined from the 
expreseion 

1 ae 
@, (x, )=—_— e ™. 16.1 

The coordinate x is measured, along the lines of force of the 
interplanetary field, 2t=N, Or/2 where N} is the total number 
of "collisions" of the particle with the irregularities during 
atime t. The probability of displacement of a particle in the 
case of three-dimensional diffusion can be written as 


2Nl, (16.2) 


1 

w(r, f) = ————ar ? 
aes (8/3) 

where Nj = x is the total path covered by the particle along a 
line of force during time t. The value of x apparently satisfies 
the inequality. r ¢ x < N,Q. Therefore, the required probabi- 
lity 3(r, can be found out by integrating the product %*@, 
for the interval difined by this inequality. Approximate 
integration is possible only intwo extreme cases. In one of 
these cases we get the relation 


Sg Seal (ee 
oe ea | 4 (aia )"| . (16.3) 


applicable at (r4/%t £,2) 1/6 3231. In other extreme case 
[(r4/ et @52) 1/621] the corresponding equation for 3 has 
the form 


3 
DW. ee yw ee eee) 
oO 473? (xs)'? rl, 
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The presence of term rol i.e., peculiarity at r—0, 
is a characteristic feature of expressions (16. 3) and (16.4). 
In thie connection, it should be mentioned that the result, 

" correct in the statistical sense, is possible only at r/b,>> 1: 
The product 3 dr apparently defines the probability of 
existence of a particle after time t in the spherical layer 
4nr2dr with center at the origin where the particle had existed 
at t= 0. As shown by Chandrasekar [41], the diffusion equation 
represents only a new interpretation of the problem of arbitrary 
strayings by using the concept of diffusion coefficient 9%¢. There- 
fore, just like expression (14.7) the function t at a given 
generation spectrum of solar cosmic rays can be interpreted 
as the concentration of particles at time t at a distance r from 
the source, 


16,2 Transport equation for solar particles and consider 


ation of the effect of regular interplanetary field. For describing 
the space-time distribution of golar particles, it is possible to 


use, in addition to diffusion equation, the method being applied 
in the theory of transport of neutrons. Such an approach helped 
V.I. Schishov [50] to estimate the effect of quasiradial inter- 
planetary field on diffusion of solar cosmic rays. Shishov [50] 
assumed that inthe interplanetary space, there sxisted radial 
magnetic field of intensity H(r) (r is the distance from the Sun) 
and magnetic irregularities at which cosmic particles were 
scattered isotropically, The value of radial magnetic field 

can be easily characterized by Larmorov frequency w=eH/mc 

as well as by Larmorov radius § =v/«/(it is assumed that 

§ >> a --radiue of magnetic irregularity). The density of 
magnetic irregularities in space is characterized by the average 
time of free run % while by the term free motion of a particle, 
we mean the motion under the action of only radial field. For 
simplicity, it is assumed that VT does not depend on coordinates, 
The effect of radial field will be significant only at © >1/% 
Since © decreases on increasing the distance from the Sun, 

the region of this effect will be limited by some boundary 

re Tp: 


If N relativistic particles of the same velocity v are 
instantaneously emitted from a point, situated on the Sun's 


surface, in the radial direction at time t = 0, then as shown in 
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[50], their concentration n(r, 9, t) at a point with coordinates 
rand @ (© is measured from the direction of primary flight 
of particles) is described by the equatian 


O(r2n 0? (r? 1 @ 7) 
OO an, FO) + ng +S sing 269, (16.5) 
Fe — vA 2p? 


where A<¥Vis the average path coyered by the particle without 
colliding with irregularities. 


The essence of the approximations made while deriving 
the equation (16.5) lies in the fact that the derivative 
22n/3t* is considered to be small as compared to 1/2( 2n/ at). 
Equation (16.5) is valid only at rr. At r > fp, it is 
necessary to make use of the usual diffusion equation 


0 5 On 
HAE (HOS + gig SG sino). (16.6) 


The value of r,, is determined inthe following way: 
My(rb) = %r/r2,. It is necessary to add the following conditions 
to equations (16.5) and,(16. 


[aav— N; a(r, 0, 0)=7— 


f— 


(16.7) 


2 Jou — cos 8). 


lek o( 
in addition to the condition of continuity of transition of one 
solution into the other at r =r,(i.e., equality of concentrations 
and fluxes on transitting through rp). 


If it is considered that % 9 = const, i.e., if some 
effective value Xo is taken and if the dependence of 2/2 On r 
is neglected at the values of r close to rp, the variables r and 0 
can be separated: 


n(r, 0, t)= ¥(0, T(r, 2), (16.8) 
where (6, t) at 1/4X >t and 8 < 1 has the form 
1 2/5 OF.) 
Yaa exp(— ea) (16.9) 


At large values of t, Y can be expandéd into Legendre's 
polynomial 
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| ¥= 5 b+ 1) P, (cos 6) exp [— R(&+ 1) xf], (16.10) 


and only the first few terms can be used, It is obvious from 
(16.10) that ¥-vl at t—ses, The parameter T(r,t) at r > nr, 
and t>(1.3 rp)*/6 ot; has the form 


ee oe ('—ro}? 
~ Ghantye o*P Ax t | 


Therefore, the following relation is valid within certain 
limits: 


(16.11) 


f—foy @? 
n=———~, exp [-—" = (16.12) 
(4sx,,f) 4x,t 4zot 

It should be mentioned that equation (16.5) describes 
the process of diffusion satisfactorily only at large values of t. 
As it follows from the equation (16.12), the concentration of 
Particles at a point with coordinates rand ® becomes maximum 
at 


os 2 
“tmax = [ee t+ eI. (16.13) 
10 My. Hg 

If the lines of force are not directed radially but are 
twisted and if their curvature can be neglected at a distance of 
the order of mean free path; equation (16.5) is applicable only 
if r is taken ag the length of path along the line of force and @ 
as the angle between the direction of exit of the line of force 
from the Sun and the zero direction. In the beginning, the 
particles will propagate in some curved cone which will widen 
with the passage of time. When the cone widens so much that 
the region covered gets twisted slightly, then the diffusion 
gets radial in nature, If the angle between the initial direction 
of flight of particles and the radius, passing through the point 
of intersection of the cone axis with the surface r = rp ie 
denoted by Q,, it is necessary to write |@ + 9,|in equations 
(16.9) and (16.10) in place of ® (plus sign for the eastern side 
and minus for the western side). 


Observations show that particles from the western 
limb of the Sun reach the Earth most quickly. Best conformity 
between the calculated curve (16.13) and observational data 
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(Fig. 16.1), taken from the work of Ellison et al. [V.2], was 
obtained at 9% = 75° and 1/%€g= 300 min where *o ~%6@/r}, 
atH~r-2, Putting r4,/#r~ 200 min (%y ~ 2x 1022 cm2/ 
sec) for relativistic particles, we get rp = 0.8 ry and 

H (rx) = Hy = 10-5 gauss. From this, it follows that formula 
(16.13) is applicable at 30 min < t < 80 min. 


a, 


0 3 OH DM. 


tmaxs Min 


Fig. 16.1, Dependence of the time of appearance of maximum intensity of 
solar particles on the position of chromospheric flare. The 
conlinuous curve is calculated from the equation (16.13). 


The concentration of flares on the western limb should 
apparently fall more steeply as compared tothe spherically 
symmetrical case, It was actually observed by A. A. Stepanyan 
[100] for the May 4, 1960 flare in the energy range of 1-2 
Gev (Fig. 16.2). On comparing the observational data of 
Sulfur station with the curve calculated by considering the radial 
field [50], the values A = 5x10!2 cm and Hy =1076 gauss were 
obtained. According to the data of A.N. Charakhch'yan et al. 
[53], this effect was not observed in the region of low energies 
and therefore, H,<5x1 0-6 gause at A = 1, 3x] o'2 em, 


On the other hand, flares on the western limb must give 
a wide diffused maximum which was actually observed for the 
September 3, 1960 flare (Fig. 16.3). Satisfactory conformity 
with the observations was obtained by Shishov [50] at 
A =1,3x10!2em and H, = 10-6 gauss and therefore, there is 
no necessity of assuming prolonged emission of protons from 
the flare region on the Sun as was done in [63]. 


It is however necessary to point out that the value of 
H, , Obtained for different flares, is slightly low since in the 
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Fig. 16.2. Time variation of solar particles for a flare on the western limb 
of the Sun: continuous curve -diffusion on considering the radial 
field; dotted curve - spherically symmetrical diffusion and 
circles -data of Sulfur station for the May 4, 1960 flare. 
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Fig. 16.3. Time variation of solar particles for a flare on the eastern limb 
of the Sun: continuous curve - diffusion on considering the radial 
field; dotted curve - spherically symmetrical diffusion and 
circles - data [63] for the September 3, 1960 flare. 


work of V,I, Shishov [50], it was assumed that Ux const while , 

in reality, (~r. If one considers the dependence of Ton r it leads 
to an increase in the value of Hp by 2-5times. The assumption 
of the dependence @(r) has a weak effect on the equation 

(16.13) and therefore, the value of 10°75 gauss can be considered 
to be more correct. 


Therefore, on an average, H, = 5x1 076 gauss near the 
Earth's orbit. Rocket observations give the value of the intensi- 
ty of field higher by about one order. This difference can be 
explained by the fact that the intensity of the field at the 
ecliptic plane is more than that averaged for a sphere. 
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A method is given in another work of V.I, Shighvo 
[114] for determining the value of regular component of the inter- 
planetary magnetic field near the Earth's orbit from a study of * 
the effect of drift on the direction of maximum flux of particles 
coming from the Sun. Here, use is made of the fact that high- 
energy solar protons are practically led by the lines of force of 
the regular magnetic field [4]. It is also known during the 
initial stage of some flares (for example, May 4, 1960 flare 
[4)), the width of the angular spectrum of particles, reaching 
the Earth, is very small and therefore, they can be considered 
to be practically flying along the lines of force of the regular 
field. If the small effects of scattering at the irregularities of 
the field are neglected, the propagation of particles corres- 
ponds to the equation of motion in the drift approximation [115]. 


a | no wv 
vaoyr— (ot Laas ve). (16.14) 
@ cr 2@ 
where v -the average rate of motion of guiding center 


of the particle; 


@ -the unit vector along the line of force of the mag- 
netic field; 


n -the unit vector of normal to the line of force; 


-the radius of curvature of the line of force; 


ak 4 


@ -the Larmorov frequency; 


Vy -the component of the velocity of particle along 
the line of force; 


+7+the component of the velocity of particle per- 
pendicular to the line of force. 


Since the particles mainly move along the lines of force 
(W<< bay » it can approximately be written that 


% 
v=o1— 2a (16.15) 
or 


372 


PROPAGATION OF SOLAR COSMIC RAYS 


The direction of vector v igs actually the direction of the axiz of 
8ymmetry of the beam of particles reaching the Earth . 


Angle Ag , by which the direction of the axis of symmetry 
of the beam is deviated from the direction of the line of force 
due to drift, is determined from the following appreximate 
relation: 


eee (16.16) 
or 


If r is the distance from the Sun, -- is the angular velocity 
of rotation of the Sun and if u is the velocity of the solar wind, 
the lines of force of the regular magnetic field will make an 
angle @ withthe radial direction; @ and fF inthis case are 
determined from the relations 


tgo= =, (16.17) 
1 __ sing 2+tg’@ 
poe cee. (16.18) 


Formulas (16.17) and (16.18) are valid only near the ecliptic 
plane. If Aé is known, it is possible to find out ™ and intensity 
of the magnetic field from relations (16,16)-(16.18), The angle 
46 can be determined by comparing the directions of the axis 

of symmetry of beams of particles having different energies 
since Ao ~ I/luwE. 


For the May 4, 1960 flare, the direction of axis of 
symmetry of the beam of particles with € =3x1 0? ev (neutron 
component) coincided with the direction of the axis of symmetry 
of particles with & =10!0 ey (meson component) with an 
accuracy of 5°4], Fromthis , we get AQ€ 0.1 radian for 
particles with & =1 010 ev, If-@=50% [4], then from equation 
(16.18) we get rx 1.5x1013 cm. Similarly, putting Yy = 3x1 010 
cm/sec, we.get © >2xl 072 gec=!, From this, B2 2x1 075 
gauss. Since drift schedule is established during a period of the 
order of 1/w , the obtained estimate refers to the region near 
the Earth and is the average for the interval approximately 
equal to Larmorov radius of 1012 cm, 


16.3 Kinetic equation in Fokker-Planck approximation. 
As is shown, some flares show strong anisotropy in angular 


373 


L.I. DORMAN AND L,1, MIROSHNICHE NKO 


distribution of high-energy solar protong at the initial stage of 
the flare. It means that protons reaching the Earth during 
this period do not unde rgo significant deviations. Duffugion 
approximation is not valid in this cage and it ie necessary to 
uge more general equatione. 


Measurements on interplanetary magnetic field with the 
help of "Mariner-2" [20] show that near the Earth's orbit, there 
exists an irregular magnetic field with mean square intensity 
H = 3x1075 gauss and dimension of irregularities ¢ 101! cm. 
Relativistic proton & = 3x10? ev scatters at such an irregularity 
through an angle <20°. Therefore, it is possible to use the 
kinetic equation in Fokker-Planck approximation for describing 
the propagation of high-energy protons in the interplanetary 
medium. “és 


The work of V.I, Shishov [116] is devoted to the eolution 
of Fokker~-Planck equation applicable to a solar flare and main 
attention has been paid to the explanation of conditions under 
which it is possible to observe strong anisotropy in. the angular 
distribution of solar protons. 

Basic equation. We will assume that the interplanetary 
magnetic field consists of two componerte: 


B—B,+B, (16.19) 


where B, is the regular magnetic field (it approximates the 
large-scale fielde whose dimensions are much more than the 
Larmorov radius of a particle) and B, is the uniform casual 
field with can be described by the expressions 


—- [hints 
(3,)=0, (By; (7) By (r)) = Bie * (16.20) 


where a is the characteristic radius of the irregularity, Bee 
is the mean square intensity of the arbitrary field and By), ° 
Bim and B)¢ are the three-dimensional components of the 
vector in the epherical system of coordinates i = ry, €. 
The angular brackets indicate the average for the three- 
dimensions, The magnetic field is considered to be stable. 
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Let us denote the unit vector in the direction of motion 
of particle by k(k =v/dv]). For the change Ak in vector k 
during the interval At, we have 


At Aft 
Ak = — i [k’ X B’] dt = E j B’ av, (16.21) 
0 0 


where m is the total mass of the particle while At is selected 

in such a manner that the particle can pass through a sufficiently 
large number of irregularities and at the same time, its 
deviation from the initial direction is small. With the help of 
equations (16.20) and (16.21), we obtain 


(Ak,) = 222 At = At, | 
eR 2 = 
(Ake) = a3 cig@-At=—qctgd- Ae, (16.22) 
((Ake)") = eS At, 


{(Rq)") = 2 <nve At 


where 9 and @ are the angular coordinates; 98 is measured 
from he radius and & ig the azimuth angle. The parameter 
q=2 B,2 ae2 Ja /mc¢y [secy 1] represents the diffusion coeffi- 
cient in the angular space. 


Using these expressions and basing upon Markov's 
equation, relating the values of distribution function N(r, 6 ,& 
t) att andt tAt, we get the kinetic equation in Fokker-Planck 
approximation: 


ON vsin® ON — vsin@sing ON 
eee Oe ee oe 
_g 9 an 


—="sin® 00 sin 0-5 a + ae ano OF? “Fo . (16.23) 


where N(r, 6 , @ ,t)drdk is the number of uae in volume 
dr and with velocities directed in solid angle dk. 


The energy of a particle does not change during scattering 
at irregularities since the field is considered to be stabie. A 
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similar derivation of equation (16. 23) can be found in the work 
of Chandrasekar [41]. 


Sphe rically symmetrical flare. Let us first of all con+ 


sider a point spherically-symmetrical flare in an infinite 
homogeneous medium, The kinetic equation and the initial 
condition in this cage will be 


N ON 6 ON 
SM 4-vc0s 0 — 9 ae oe = 9-=-5 ais < sind sal (16.24) 


N loo = ene O(0)- (16.25) 


Moreover, N(r, 9, t) must be a periodic and symmetrical 
function of 6 : 


N(0)= (8-+2n), N(8)=N(—8). (16.26) 
Expanding N into Legendre polynomial \ 
N= 2% (r, -t) P, (cos 6), (16.27) 
ke 


we get a chain of equations for the coefficients a, from which 
expressions for a, and a, have been obtained in i716] (it 

should be mentioned that 4a, is the concentration and va, /3 is 
the flux of particles). Graphs of the dependence of a, and a) 
on r at qt =3 are given in Fig. 16.4. (continuous curves), The 


lg a 


\y @, 


Fig. 16.4. Dependence of concentration of particles on distance in kinetic 
(continuous curves) and diffusion (dotted curves) approximations. 
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values of a and a) in the diffusion approximation are givenin 
the same Fig. (dotted curves) for comparison. It is obvious 
that the main difference lies not in the shape of curve but in the 
fluxes. 


While determining a, and a, the terms containing az 
were neglected by assuming’ that a7 << a,, aj. This condition is} 
satisfied right upto r=~t J3 at qt <5. At large values of t 
these expressions for ao and aj are applicable only at r=rg¢ 
vt/J3 and this equality becomes more significant on increasing 
t. At vticr<vt/J/3, the distribution of particles is described 
by $ -function since a, has not been taken into consideration. 
Thus, in order to describe particles existing inthe zone r > 
To, it is necessary to take into account ap, a3, etc., tes; 
particles are distributed anisotropically in this zone, 


Let us come back to the problem of angular distribution 
of particles inthe zone r >r,. For solving this problem, 
derivatives with respect to 9 in the equation (16. 24) are 
replaced by finite differences by direct methods, As a result 
of this, we get a system of equations with partial derivatives 
of first order in place of equation (16. 24): 


ON, ON; usin 6, 
a3 +acos i 7 (Nigy —-N 1) = 


i 
=r (Nig — 2M, + Ni) + op 01g 8; (N ini — Nya) (16.28) 


Here h is the step and N; = N(r, 6;, t) is the value of 
function N(r, 6 ,t) averaged for the interval 0. Jy and 0; + st 
(i = 1,2,3.....). Since the particles are distributed aniso- 
tropically in the zone r > ro, the terms containing N> ean be 
neglected in equation (16.28) . Considering that the thickness 
of this zone is less than the distance from the center at not 
very large values of t, sphericity can also be neglected. The 
solutions for N, and N;, obtained in [116] satisfactorily 
describe the propagation of particles at qt<1 when their 
velocities are mainly directed forward. At large values of t, 
these solutions are applitable only to the outermost parts of 
the zone r >r,. For the inner parts of this zone, it is 
necessary to consider those particles which enter the zone 
Yr < To and again come into the zone r >r, after multiple 
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scattering. Results of numerical calculations of the time 
dependence of the intensity of particles for directions 20, 60, 
100 and 180° at distances rq/v =1, 3, and 5[116]) show that 
strong anisotropy in the angular distribution of particles 

for a sp} :rically symmetrical flare is observed only at 

rq/v < 1 at the time of maximum concentration (i.e., No 
and N, differ significantly). 


Axisymmetrical flare. Let us assume that the particles 
are emitted at the point r = 8 along the axis 4 = 6. The 
kinetic equation in this case has the following form: 


oN ON sin@ oN 
ind aN in@ sf aN 
+o“ ae ane ena 
_ gq 9 q ON 
= sind 00°! ino +a sin? dg? +o =. (16.29) 


Putting N in the form of a series; 


N= (r, m 4, )+ 3 (r, 0, 8, é)cos kp+-ez(r, n, 8, £)sin kg], 
(16.30). 


for propagation along the coordinate W, we get the fotlowing 
equation defining b, in the ‘diffusion approximation: 


So 2 4.9005 8 <2 = a = 
qv? sin' : Mes, oe abe 
= 7? (a? sin'6 +42) sing nN oa sin i io += =! ") ~ sin@-—. (16.31) 


Following initjal condition 7 


N 
Oo liao = FExape = O(r) d(1 —cos n) (1 —cos@), (16.32) 


as well as the condition of periodicity of ‘Wand © should be 
imposed on the equation (16, 31). 


If ®©>>q, it is seen from the equation (16.31) that the 
coefficient, on taking derivative with respect to does not 
depend on @ If it also does not depend on r, we get 
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i 1? 
y= Nop 7 exp(— ° (16.33) 
PHaf Anyt 
Here Nap is the solution of a spherically-symmetrical flare 
and y = qv2/4r2 w 2 is the effective value of the coefficient 
in the case of derivative with respect to 1 . 


Let us now consider the effect of nonsphericity of a 
flare on the conditions for observing strong anisotropy. As 
shown in[116], the intensity in the case of a spherically 
symmetrical flare grows very quickly and the term 1/,t does 
not play a significant role in the anisotropic section of the curve 
The exponential term exp (-92/4 yt) can displace the maximum 
into the isotropic region at 2 >42% t. Thus, a strong aniso- 
tropy will be observed only in the cone rq/v <1, 2 4 En ts 


Comparigon with observations. The conclusion drawn 
here can be compared with the observational data [4] on the 
May 4, 1960 flare, The direction of the axis of symmetry of the 
beam of arriving protons got deviated form the direction on the 
Sun by 50° towards the west. The particles were apparently led 
by the lines of force of the regular spiral-type field and there- 
fore, the angle in this cage should be measured not from the 
the radial direction but from the direction of line of force at 
the given point which coincided with the axis of symmetry of the 
beam. Taking this into account, let us apply the results, 
obtained for the radial field, to the real field by considering that 
the other changes are insignificant. 


According to data [4}, strong anisotropy was retained 
for half an hour after attaining the maximum density of particles. 
It firstly means that the Earth during this flare was situated in 
the favorable cone. Secondly, the duration of strong anisotropy 
wae defined by the duration of functioning of the source since, 
as shown in[116], duration of strong anisotropy is not more than 
a few minutes in the cage of an instantaneous source. The 
values of the intensity in the directions @= 40° and © =60° 
are shown in Fig. 16.5 as a function of t at q = 2x1073 sec7!, 
r= 1,5x10!3 cm, and %,= ®, Function of the power of source 
was of the formw exp(-t/T,) where T, = 16 min, Values of the 
flux obgerved at corresponding points on the Earth are marked 
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by circles and triangles. It may be seen that these curves 
satisfactorily describe the amplitude and duration of anisot ropy. 


May 4, 1960 


Fig. 16.5. Dependence of the intensity of solar particles on time for the May 
4, 1960 flare in the directions © = 400 and 9 = 60° with respect 
to the axis of symmetry of the beam. 

The parameter T, can be the duration of function of the 
sburce as well as the duration of scintillation of duffusion region 
in the Sun's surroundings. Let us consider the second version, 
The duration of a scintillation of a sphere of radius r, filled 
with a medium of diffusion coefficient %,,,is approximately 
equal to r“/#,. Putting r = 10 Teo= 7x1011 cm and assuming 
the scintillation time to be equal to 16 minutes, we get 
2. = 5x1020 cm2/sec. Of course, itis not necessary to 
consider that the diffusion region surrounding the Sun is sharply 
isolated. The assumption about a gradual change in duffusion 
coefficient on changing the distance from the Sun is more 
probable (see Section 14.6). In this case, #, is some effective 
value of diffusion coefficient at small distances fromthe Sun 
while 2¢,is its mean value at large distances, right up to the 
Earth's orbit (cince anisotropic phase of flare wae studied, 
the medium existing at the Earth's orbit practically did not affect 
the value of the parameters being determined). 


The diffusion coefficient, measured from the falling sec- 
tion of the curve, mainly refers to space beyond the Earth's 
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orbit. According to the data obtained by A.N. Charakhch'yan 
et al. [63], it was equal to 3x1022 cm2/sec for the May 4, 1960 
flare. Fromthis, V.I, Shishov concludes that the diffusion 
coefficient atr ¢1 a.u. significantly increases with distance 
(approximately as r2) while 2% x const atr >la.u. It can be 
explained by the effect of regular field which is extremely 
azimuthal beyond the Earth's orbit. 


16.4 Determination of characteristics of the inter~ 
planetary magnetic field from anisotropic stage of a flare. As 
shown in Section 16.3, it is possible to make use of kinetic 
equation in Fokker-Planck approximation for analyzing the 
anisotropic stage of a flare of cosmic rays with &, @ 109 ev. 
On the basis of this approximation, V.I, Shighov [117] evaluated 
the characteristics of the interplanetary magnetic field from 
the anisotropic stage of cosmic-ray flares of May 4, 12 and 
November 15, 1960. , 


It was assumed in[117] that relativistic solar protons 
with €, & 109 ev undergo small-angle scattering on account of 
magnetic irregularities. This assumption was mainly based 
on the data of magnetic measurements of "Mariner-2", Given 
below are the additional points in favor of the hypothesis of 
small-angle scattering on the basis of the data of McCracken 
[4] for the above-mentioned three flares. 


1) Proton beame from the above-mentioned three flares 
had an axis of symmetry directed at an angle of about 50° 
towards the west with respect to the Earth~Sun line. Morevoer, 
the difference in these directions was not more than 20° for 
various flares, Had the magnetic irregul@riiies deflected ’ 
protons with €, >109 ev by an angle >20° and had the distance 
between them been comparable to their dimensions (porosity 
of the order of unity), the difference in the directions of the 
axes of symmetry would have corresponded to the scattering 
angle in the case of collision of a proton with one irregularity. 
In particular, if the dimension of irregularities is more than 
the Larmorov radius of a particle, the axis of symmetry can 
have every direction with the same probability. 


2) The average angular distribution establishes only 
after a sufficiently large number of scatterings and therefore, 
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in the case of large scattering angles, the intensity, which is a 
function of direction and time, must undergo significant fluctua-~ 
tions (with respect to time and direction) practically during the 
whole of the anisotropic stage. Since the observations show that 
the intensity is a gradual function, it can be assumed that, if the 
the irregularities are situated densly, they scatter the particles 
through small angles. 


3) If the irregularities have large porosity, the kinetic 
equation can be applied to both the cases. Here, it should be 
kept in view that the term, describing collisions in the case of 
large~angle scattering , represents the integral which in the 
caée of small~angle scattering can be approximately replaced by 
the second derivative with respect to direction, It is clear that, 
in the first case, the angular spectrum should be much more 
plane than in the second case since the particle in the first case 
attains an arbitrary direction after ecattering with sufficiently 
great probability while in the second case, the particle changes 
its direction only due to diffusion in the angular space. Nature 
_ of the angular spectrum during the May 4, 1960 flare cannot be 
" explained by large~angle scattering . This conclusion seems 
to be also generally valid for the November 15, 1960 flare. 


It is aseumed in the work of V.I. Shishov [117] that the 
regular magnetic field is caused by the outflow of plasma from 
the Sun which rotates with an angular velocity St . The plasma 
moves at a constant velocity u. The irregular field is character- 
ized by the rate of change of the mean square angular deviation 
q [see (16.22)]. The characteristic time of free run, in thie 
case, with respect to rotation through an angle ~ 1/2 will be 

Tt = 1/2q while the characteristic mean free path N=vT = 
v/2q. It follows from this that 2% = v2/6q and q ~ v~2~wg§ ~2, 


Let us agsume that the regular field is sufficiently 
strong and therefore, drift can be neglected. In this case, the 
motion of particles across the lines of force of the irregular 
field is due to their diffusion and it is much slower than the 
motion of particles along the lines of force of the regular 
field. To the first approximation, the terms describing the 
motion of particles across the lines of force of the regular 
field can be neglected in the kinetic equation. It is permissible 
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only in the presence of sufficiently etrong anisotropy. Under 
these assumptions, the kinetic equation near the ecliptic plane 
will be 


ON ON vsin® ‘ 1 ON 1 @ ON 

= § — — ——— | 1 +- —_—__.|_ = Bae cl 

ne oe oe (1-4 br? | Se oe ee 
(16.34) 


Here N «=the distribution function; 


@ -the polar angle measured from the direction of the 
line of force of the regular field at the given point; 


 -the path along the line of force; 


b=u a parameter characterizing the curvature of the line 
of force. 


Solving the equation (16.34) by the method of straight 
lines, i.e., replacing derivatives with respect to 8 by finite 
differences, in place of equation (16.34) we get a system of 
linear differential equations with partial derivatives of the 
first order for the functions N; (2, t) = N (9, Zt). 


Let us, first of all, consider the case of two point 
approximation ( 6, = 45°, 6, = 135%. In this case, Nj = 
N(@, @ = 45°, t) and N2 = N(@,0= 135°, t) represent the 
intensities averaged for the intervals [6°, 90°}, [90°, 1809]. 
For N] and N2, we have the system 


Mt 40,710 SU = (0,729 +0) (Nz — Ni). 


. : 

ot 0,710 rm =(0,72¢ —a)(N,—N,). } (16.35) 
__ 0,230 1 ' 
aaa, ' + aaa 


For the anisotropic stage of flares, Np in the first 
equation of the system (16.35) can be neglected as compared to 
N,. Therefore, we get the following solution : 
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Nil. )= Ny (ly £— G5) exp[— (0.729 +0) 45 =|. 


f (16.36) 
N,(, = f N, (lg £ — 21) exp [— 1,44¢t] (0,72g — a) dt. 3 
0 


It follows from (16.36) that the value of Y, averaged for the 
interval [€5, 2, + 0.71 v/1.44 4], can be obtained by observing 
N, and Nz onthe Earth, Equation (16.36) can be used only at the 
initial stage of a flare (approximately before N2 becomes 
maximum) when it can be assumed that the particles, flying 
backward, experience only one effective collision. 
In the case of three-point approximation ( 9) = 30°, 

8, = 90°, 03 = 120"), we have the following system for Nj, 

N2 and N3: 


Ns 40,870 Mt = (1,799-+-4) (N,—WN,), ] 
ae = (0,96¢ — 2a) N, — 1,92gN,-+- (0,969 -+-2a) M5, } (16.37) 


ON. 
a — 0,870 = = (1,79q — a) (N, — N)).: 


Consider ing N) and N3 to be known and solving the second 
equation of the system (16.37), we get 


t 
No (le #)= { ENs (ly t — 1) (0,969 — 2a) + 
0 


EN, (ly,  —1) (0,96q + 20)] exp (— 1,92¢r)dr. 


_. Thus, the value of the parameter q can be obtained by 
comparing N2 with N; and N3. Since, however, the accuracy of 
determination of q is not. high at N1 comparable to N3 (in the 
. ‘case of weak anisotropy), it is advisable to-use only the aniso-- 
tropic region.«We finally get 


t 
No (lor = | Ny (loo £—2) exp(— 1,929t) (0,96q — 2a) de. (16.38) 
9 


The value of parameter q, determined from equation 
(16.38), is the average value for the interval [ Lo. _0.3v ; £3 


2q 
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This interval exists in the Earth's orbit since N2 is defined 
by the value of Nj, i.e., by the flux of particles coming from 
the Sun. 


Similar expressions can be obtained in approximations 
with large number of points characterizing the angular spectrum. 
Obviously, the larger the number of details that canbe 
differentiated in the spectrum of angular distribution of parti-~- 
cles from a flare, the higher will be the accdracy of determi- 
nation of q as a function of distance. Let us now analyze the 
observational data. 


May 4, 1960 flare. This flare was characterized by 
strong anisotropy and by absence of significant fluctuations. It 
points out that relativistic protons during collision with 
irregularities were deflected through an angle of the order af a 
few degrees or less. In the case of two-point appr aximation, 
N, and N2 cannot be compared since N2 was not observed for 
this flare. It can,however, be assumed that the maximum in N2 
appeared not earlier than 1.5 hours after the appearance of 
maximum in N,. As seea from the equation (16.36), this delay 
is approximately equal to1.5/q. From this, we get the value 
q = 2x10-4 sec! for the range from 1 a.u. toa few a.u, 


By compiring N) and N2 in the case of three-point 
app-aximation, we getq= 1.5 x 10-3 sec-l, Here, it was 
assumed that b(ry )= 1. This value of q refers to the range 
from 0.67 a.u. tol a.u. It can approximately be taken equal 
to 0.8 a.u. By comparing intensities in the directioas 70°, 90° 
and 110°, it was found that q = 5 x 107-4 sec-1. This value 
refers tor = 1 a.u, 


November 12, 1960 flare. This flare was characterized 
by extremely prolonged stage of outburst as wellas by the 
presence of two maxima. Only the first outburst was aniso- 
tropic. By comparing Nj and N2 on the basis of formula (16.36), 
we getq=5 x 10-4 sec-l, This value approximately refers to 
a distance of 1.5 a.u. from the Sun. It was not possible to get 
more specific information on this flare due to low anisotropy. 


If it is assumed that the second outburst was associated 
with capture of the Earth by the corpuscular beam, it is possible 
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to determine the value of diffusion coefficient from the relation 
between the flux F and concentration gradient : F= 2 (9n/ ®@r). 
Considering that the outburst is mainly defined by the arrival 
of the corpuscular beam, we get On/ Or= l/u- On/ dt where 
u is the velocity of plasma, Since significant flux was not 
observed, it can be assumed that F< 0.1 nu. Using the 
observational data, we get % <4x1020 cm2/sec. The duration 
of Scintillation of a region of dimensian r, filled with a medium 
of diffusion coefficient @, is equal tor2/% . After the 

Second outburst, the characteristic time of attenuation was of 
the order of 2 Lours. The dimension of the region at % =1020 
cm2/sec shoula zot be more than 1.5x1012 cm. It means that 
only the forefront of the beam is densely formed while the re- 
gions following it are filled with much weaker field. 


November 15, 1960 flare. By comparing Nj.and Nz on 
the basis of formula (16.36), we get q =4x10~4 sec-l,. The 
existence of strong fluctuations is a characteristic feature of 
this flare due to which it is, in principle, difficult to determine 
the value of q from formulas of three-point approximation in 
spite of sufficiently strong anisotropy. Some fluctuations were 
also observed for the November 12, 1960 flare. This effect is 
an indirect proof of the fact that the magnetic field during 
Movember 12 and 15, 1960 flares was much stronger than that 
during the May 4, 1960 flare. 

February 23, 1956 flare, Angular distribution of protons 
with €,. 2 109 ev during the initial stage of this flare was 
extremely anisotropic. At the same time, the development of 
flare with time was gradual and significant fluctuations were not 
observed, Therefore, we can apply to this flare the views [97, 
98] that protons with &), % 109 ev undergo small-angle 
Scattering due to irregularities of the interplanetary magnetic 
field and that the kinetic equation in Fokker~ Planck approxima - 
tion can be used to describe their propagation. However, the 
data on anisotropy of the February 23, 1956 flare is very scanty 
and therefore, V.1. Shishov limited himself with the study of 
only Nj and N2 - average intensities of particles flying from the 
Sun and to the Sun respectively. From the point of view of the 
theory, the same degree of approximation can be obtained for the 
kinetic equation if the angular spectrum is characterized not 
by N] and N2 but by intensity n and flux F. Both the pairs of 
values are related by following relations : 
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n= A(N,+N,). 
F=B(N,—N,), 


where A and B are some numerical coefficients. At sufficiently 
strong anisotropy, n = AN) and F = BN}, so that very high 
accuracy of measuring n and F is required in order to get 
something new from their comparison in addition to the exis- 
tence of strong anisotropy. At the same time, much lesser 
accuracy iS required for getting the value of q from the compari- 
son of Nj and N2 with the help of equation(16.31). Therefore, 
at the anisotropic stage of a flare, it is more advisable to study 
the average intensities Nj and No and not the concentration and 
flux of particles. 


(16.39) 


For determin ing q, it is possible to use a simpler 
characteristic, namely delay in the appearance of maximum N?2 
as compared to appearance of maximum Nj, in stead of directly 
comparing N, and N2. Let us assume that N) canbe written as 


Cexp(—?¢/T,), t>0, 
N,= 
0, t < 0. 
It is a sufficiently good approximation to the reality singe the 
Stage of growth of N) is very smail as compared to the duration 


of the stage of growth of N2. Putting the equation (16.40) in the 
equation (16.36), we get 


N = Corte [exp(— Fy) — exp (—0,72g8)}. (16.41) 


Differentiating N2 with respect to t and putting the derivative 
equal to zero, we get the delay in the appearance of maximum in 
N2 as compared to N] : 


(16.40) 


1: 1n0,72g7, 


tmax = 0,72q “T=T1,0,7297, ° (16.42) 


If 0.72q To is of the order of one, equation (16.42) takes a 
simpler form 


boca 


0,72q ° (16.43) 
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Let us now study the dependence of t,,4y on the energy 
of particles, As mentioned above, the parameter q ~ 6-2 
from which it follows that tmax ~ €% i.e., the higher the 
energy of particles, the more will be the delay in the appearance 
of the maximum N>2. The position slightly changes on recording 
particles in some energyrange €, - E>. In this case, it 
i8 necessary to use the following relation in place of equation 
(16.36): = 


& < 
Ny= | N,(e)de= 
in e3 ; . 
— f j N, (fo. £—2t, ©) exp (— 1,44g1) (0,72gt — a) de dt. (16.44) 


0 e, 


As earlier, we will assume that Nj can be put in the form (16. 39) 
To simplify the problem letus assume thata = O(i.e., diver- 
gence of the lines of force of the regular field is equal to zero) 
and €&2/ & =3, Numerical calculations [118] show that it 

is possible to take q ( €)) as the effective value of q( € ) at 

q( &1) To ( &1)= 1 and it is also possible to use (16.38). On 
increasing q( &}), the dependence of tyax on q is less than that 
expected from formula (16.37) and consequently, tr,,x depends 
on € to a small extent. 


In spite of the large number of stations which had 
observed the February 23, 1956 flare, the data on anisotropy 
is very Scanty due to following reasms : firstly, almost all 
the stations were situated at low latitudes and had wide asym- 
ptotic cones; secondly, they had different cut-off rigidities 
‘which have a significant effect on the fluxes being recorded; 
thirdly, there were very few stations equipped with similar 
apparatus, Asa result, V.I. Shishov [118] could find only a 
small number of stations which recorded the flare in the same 
energy range. Two groups were selected out of all the experi- 
mental curves described in [I.1]. The first group contains data 
of neutron monitors installed at Leeds, Climax and Chicago 
stations while the second group includes data of ionization 
chambers installed at Moscow, Sverdlovsk, Cheltnem, Derwood 
and Khobart stations. The European stations showed maximum 
intensity and therefore, their data can approximately be taken 
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as N). Data of American stations can be approximately taken 

as No. The effective value of the characteristic time of decrease 
in intensity T, was found to be equal to 35 mimutes on the basis 
of the data of neutron monitors. According to the data of ioni- 
zation chambers, T,=25 min. Thus, this flare better corres- 
ponds to the model T,( & )= const than to the model T,( € )~er2. 
-For neutron monitors tmax = 25 min from where q( €})= 0.2 
min-l where &4 is mainly defined by the cut-off rigidity and is’ 
of the order of 2x109 ev. For ionization chambers, tmax = 20 
min and q( €2) = 0.07 min-l at ©5 =(3-4)x 10% ev. Thus, 

the obtained values of q are in line with the dependence q ~e-2, 
it should however,be kept in view that these are the average 
values for different intervals and can effectively be related to 
distances of 1.3 a.u. and 1.5 —2a,u, for neutron monitors and 
ionization chambers respectively. On the basis of the nature of 
time of decrease in the intensity of particles, flying from the 
Sun, L.I. Dorman [1.5] found that transport range A of re- 
lativistic particles, which can be recorded by ionization 
chambers, is equal to(1-8)x1011 cm-for distances of (2-5) x 10!2 
cm from the Sun, Near the Earth's orbit, the transport range 
Aw 1013 cm. Thus, A increases significantly with distance. 
From the sloping section of the curve in diffusion approximation, 
L.I. Dorman[ L 5] also found that A =0.5 -la.u. This 
value of A is the average value for the range in Which are in- 
cluded the internal (with respect to the Earth's orbit) as well as 
external parts of the interplanetary space. , 


With the aid of the method described above, V. I. Shishov 
[118] determined the values of A for particles of energy > 2x109 
ev at different distances from the Sun during the flares of 
February 23, 1956, May 4, 1960, November 12 and 15, 1960 
(Table 16.1). 


It is seen from the Table that the mean free path is 
either comparable to or more than the distance from the Sun. 
Naturally, the diffusion approximation is not applicable at such 
high value of A. 


The most-detailed information on mean free path was 
-obtained for the May 4, 1960 flare since it possessed maximum 
anisotropy and since its angular spectrum was studied thoroughly 
it is seen that A during this flare increases with distance as 
r@ or even more rapidly. 
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TABLE 16.1 


Mean free path of protons with Ey zB 2xl 0? ev at different 
distances from the Sun 


Date of flare A,cm Distance from 
the Sun, a.u. 


February 23, 1956 3x 1012 1.3 
May 4, 1960 1013 0.8 
3x 1013 1.0 

>0.8 x 1014 2. 0 

November 12, 1960 3x 1013 1.5 
November 15, 1960 3x 1013 1.5 


If the value of irregular magnetic field is given, value 
of ‘a’-- characteristic radius of irregularities - - can be 
determined from the expression for q. Considering that Jf = 
10-5 gauss, we get‘a = 3x 1010 cmat the Earth's orbit for the 
May 4, 1960 flare. Basing upon the rocket data, it can be 
expected that the field can hardly change by more than 3 times. 
Therefore, the obtained value of‘a differs from the actual value 
by not more than one order. 


L.L Dorman and L.L Miroshnichenko [64] evaluated the 
dimensions of irregularities for the September 28, 1961 flare 
on the basis of diffusion theory (see Section 14.4). Ata porosity 
of the interplanetary field of the order of one, the value of the 
dimension of irregularities ~ 4 x 1010 cm was obtained in [64]. 
Before comparing these results, it is necessary to mention 
that‘a’has the.significance of characteristic radius. The total 
dimension of irregularities 2a is equal 6 x 10°" cm. Thus, the 
dimensions of irregularities obtained for various flares and by 
various methods differ by less than one order. Practically, they 
can be considered to be constant with an accuracy of 30-50%. 


It is interesting to compare the dimensions of magnetic 
irregular ities with the dimensions of irregularities of electron 
concentration. Recently, T.D. Antonova et al. [119] and 
Hewish [120] showed on the basis of scintillation of radio 
sources that the dimension of irregularities of electron concen- 
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tration is equal to 108 cm, In the view of V.L Shishov [117], 
the existence of a wide spectrum of irregularities in the inter- 
planetary space is one of the possible reasons of such large 
differences in dimensions, Since cosmic rays are most effec- 
tively scattered by largest irregularities, on analyzing flares, 
we get the dimension: characterizing these irregularities. 
Radio waves on the other hand most effectively react on irregu- 
larities of smallest dimensions; therefore; it is possible to get 
information on the other section of their BSpectrum. However, 
it is absolutely possible that differences in dimensions of 
irregularities of electron concentration and magnetic field are 
real, 


16.5. Boltzmann's equation, For analyzing flares of 
cosmic rays, Fibich and Abraham [49] used the equation des- 


cribing dynamic behavior of distribution function f(r,v,%) in 
magnetic field B : 


@ Fy of __ (9 
Hiyliwxel =F). (16.45) 


where @& = eB/mc and , (Of, / at). describes change in fas a 
result of collisions. Jn the case of uniform distribution af 
fixed scattering centers, this term takes the form 


(2), = \ dQ0(Q, v)v]f (v’)—f(v)} (16.46) 


where ng is the density of scattering centers and ©& is the 
scattering cross section. In the case of elastic scattering 
\v'|= |v{ where v' is the vector v scattered in solid angle. 


: If the magnetic field is very strong, diffusion will be 
limited only across the lines of force, As a result, solar 
particles will move mainly along the lines of force while the 
distribution function will change only along the direction of the 
magnetic field. Let the uniform magnetic field be directed 
along z-axis. The usual method of solving equation (16.454 
leads to expansion of f(z,v,t) into Legendre polynomials in the 
velocity space. Since every line of force has cylindrical sym- 
metry, it is possible to write . 


f(z, v. N= Dh (z, 0, t) P,(u), (16.47) 
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where 1 = cos® (@ is the angle between velocity vector v and 
direction of the magnetic field), Under some simplifying 
a8sumptions, Boltzmann's equation in this case takes the form 


oft I+1 Oftas Ee Oftey | 
+tlsres dz + U1 az j=—“e (tee) 
‘where Vg is the frequency of collisions of a particle with irre- 


gularities (this parameter is expressed in terms of Pg (cos ®) 
where @ is the scattering angle). 


Equation (16.48) is an infinite series; it can be solved 
only under certain simplifying assumption. As an approxima- 
tion to equation (16.48), it is possible to neglect all the terms 
with £ 2% 2 by considering them to be small as compared to 
first two terms, 


Let us select an instantaneous point source at ro with 
isotropic distribution of velocities as the initial condition, i.e., 


f,(f =0) =, (0) 3(r — 1}. (16.49) 

It should be mentioned that consideration of a more 
general initial distribution (for example, prolonged or non- 
isotropic) cannot have much Significance due to the simplifying 
assumptions made earlier, In diffusion problems, solution at 
t>>v-l, i.e., after a large number of collisions, is usually of 
great interest. The following expressions valid at t >>B(z-z,) lv 
were obtained in [49] for the first two terms of (16.48) : 


folz. 2, £) ~ 7a uz exp{— ST}, (16.50) 
a ow 8 ees 
f(z, », \~ FF he v, £), (16.51) 


where = v2/f3¥ 


The expression fy in the equation (16.50) is formally 
similar to the concentration n(z, t) obtained om solving the 
equation of one-dimensional diffusion at the same initial and 
boundary conditions. However, the concentration obtained 
from equation (16.50), i.e., 


n(z, t)=4a { vf, (z, 0, t)do, (16.52), 
0 
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will be different and is characterized by the dependence of the 
form of emission spectrum @(v) and on % as a function of v. 
It should be mentioned that %¢ may not always be proportional 

to v* since Y can be a function of v in a medium with scatter - 
ing cross section @ ( 2, v). 


Let us now consider a uniform magnetic field which is not 
so strong that it can suppress diffusion across the lines of force. 
As a result, the limitation, imposed on the longitudinal con- 
centration gradient in the case of very strong field, disappears. 
In place of expansion of f in the form (16.47), let us use a sim- 
pler expansion ; 


oo { 
2 [—my)t mm 
Hr. v, j=) Llinle v yy 2F! Toh PF (u)e'™, (16.53) 


wherc Fy (4) are Legendre's connected functions, = cos@ 
and © and # are angles of vector v relative to the fixed 


x-axis which is taken here as the direction of the magnetic field. 
Boltzmann's equation in this case becomes 


Of tm 
ly 95> ae Thieme st eee Frstm| + 


+ElE— ef) fglithvergighne dH 
+3(a t+? %)[ SPE fan 


{—m—l)(l— > 
— fat) Fai] imof,, m= —Vil t, aw (16.54) 
where 
7 a-+-1 (—m)! 
hem =V athe (16.55) 
vy =n, { dQ 00 (2) [1 — PF (cos O)]. (16.56) 


Let us break the chain of caverta: by retaining ony 
those terms which have € = OQand & = 1(m= -1, 0, 1). 
For simplicity, let us assume that the initial distr bution is 
isotropic in the velocity space, i.e., . 


F in (¢=— 0) = 8:9. F (v\ é(r— Ty). (16.57) 


393 


L.1I. DORMAN AND L,!. MIROSHNICHENKO 


In the absence of the regular field (®= 0), fg takes the 


form 
| ewity ~ e— 32) 
- 3¥3p(v)v d 3 v? 
foo(r. VU; f= 8xv3 at Via e (16.58) 
fa 
2 


where r@ = (x - x et {y - Yo)" +(z- z,)*. From the equation 


(16. 58), att >> Pos /v, we get 


§(v) rant, 

f ry 

r, 0, t) ~—— e (16.59 
foo(rs 2 8) (42x23? 
Let us denote the distance between the observation point and the 
axis of the magnetic field by € , i.e., @2 = (x - Xo) + 

(y - yo). Two cases are clearly differentiated on calculating 
foo in the absence of a regular field ( “= 0). 


a) J3 € @/yt <<U. It corresponds to the condition &<¢r 
(observation point near the axis) or to the long interval of time 
with respect to the commencement of the event. In this case, 
foo takes the form 


gv) a r? §?0? | 
r, 0, t)~ 2 = exp] - — 16.60 
Foo ( ) (41 “ty? ¥2 p| 4ut 4xuv7t , ( ) 
where we again have %= v2/3+y. Putting %) = v2// a2+y2) 
foo can be put ina simpler form 


9) (z—2)? 
fall ~ Gaara exp|—- Se eal (16.61) 


b)¥3 Sosy >>Vv. It corresponds to the condition Be. 
o(r) or to the short interval of time relative to the commence- 
ment of the event (here, the condition t >7V-! is still satis- 
fied), In this case, the solution will be 


' a _ P(r) vt p\y a4 
foo (ts % f)~ we Gent (BVE 3 " 


x exp|— V3 at 2  -2)-4]. (16.62) 


This solution is applicable at v-lect <<f3 3v "5 $] g§ where 
8 =yv/w is the Larmorov radius of the particle. | 
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Thus, the behavior of the solution is different in the 
case of short and long intervals of time (in the latter case, 
there will be three-dimensional diffusion). Consequently, the 
parameter te= J3 v “le / ¢ can be taken as the characteris- 
tic time of transition from the schedule of short intervals to the 
schedule of long intervals of time. The transition time is 
directly propor tional to the intensity of magnetic field and to 
the distance of the observation point from the axis. 


Anisotropic terms in velocity distribution are approxi- 
mately defined by the following expression : 


¥3 


z—z 
fio “7 arr sa Foo 


~ V6 vo? (x—x)—i(y—) 
fu~ ete ES 2 fa (16.63) 


A, a=he 


Thus, the solution of the Boltzmann's equation for the 
distribution function of solar particles in the interplanetary 
medium leads to a short-lived process of the type of one-dimen- 
sional diffusion which is accompanied by the transition to three- 
dimensional (isotropic) diffusion. The transition time depends on 
the intensity of regular magnetic field. The only parameters, 
which depend upon the rigidity of particles, are the transition 
time and anisotropic part of distribution function (in the velocity 
space). 


The simplest type of boundary and initial conditions were 
selected in the work [49] : the flare was represented in the form 
of an instantaneous point source while the concentration and 
distribution functions were considered to be finite at zeroand 
zero at infinity. Therefore, the study of the effect of the 
selection of a finite source as well as the detailed study of the 
effect af the Sun, taken as the reflecting and absorbing boundary, 
on the results would be of great interest. The solution for 
magnetic fields, resembling to the actually observed ones, would 
have been of still greater interest. 


16.6. Motion af cosmic particles in an arbitrary mag- 
netic field. The motion of cosmic particles in the interstellar 
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and interplanetary medium is mainly defined by their scattering 
at the magnetic fields of the cosmic space. These fields are 
carried by plasma clouds. Scattering at the moving irregulari- 
ties of the magnetic field leads to a change in the energy 
Spectrum and in the direction af motion of cosmic particles, 


The problem of the motion of particles in the cosmic 
B8pace is usually studied in diffusion approximation which in 
most of the real cases is not applicable. Therefore, a more 
general formulation of the problem is considered in the work of 
A,Z,. Dolginov and I.N. Toptygina [121]. 


The authors [121] base upon the Boltzmann's equation for 
noninteracting particles moving in the external magnetic field : 


0 of 
fy Sl 4H. Df =0. (16.64) 
Here D= —<_f[v - ud ]; pis the momentum, y is the velocity 


of a particle, f(x, p, t) is the distribution function of particles 
and u is the average velocity of magnetic fields relative to the 
observer (u<<c), Let us assume that the magnetic field has 
regular Ho(x, t) and arbitrary A H(x, t) components : H (x,t) = 
H,+ OH where Hy = <H> and CAH = 0. In order to com- 
pletely characterize the arbitrary magnetic field, it is necess- 
ary to know the correlation tensor of the second order 


(AH (X) £1) AF¥g (Xp, f2)) = Bag (Xr fas Xr fo) (16.65) 


and the whole group of similar tensors of higher orders. Let us 
select the correlation function for equation (16. 65) in the form 


Bag (X1» fy» Xpv 9) = Bag (r) exp [— 1-?{x —ut)']. (16.66) 


Here r = (x, + *2)/2; x =m] - x2; t= t, - tp and £ is the 
average size of irregularities of the arbitrary field. The 
parameter Bap(r) describes the change in the mean square of 

the field while the exponential term describes the uniform motion 
of irregularities ata velocity u. We will assume thatu is 
directed along r-vector. Let us denote the Larmorov radius 

of a particle in the arbitrary field by § = cp/e<AH%)51/2 and 
the characteristic length, at which yw and Bag (r) change signi- 
ficantly, by L. Let us consider the case when L >>Qand ¢ >>. 
It means that the particle gets scattered at the irregularities 
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of the field without any significant deflection during each Scatter. 
ing. Therefore, all the terms corresponding to correlators of 
orders higher than the equation (16. 65) can be neglected. 
Summing up the remaining terms, we get the kinetic equation 
for the distribution function averaged for the arbitrary field. 

Let us write this equation in the coordinate form for the case 
when cp/ eHo >>é: 


lata —#p + 2 PAS Dery say > s| Fe. p.0—0 (16.67) 


where flr, p, t)= < f(r, p, t) ) 


In order to get the diffusion approximation, let us expand 
F into Legendre's polynomial for angles determining the 
direction of pand limit ourselves with the first two terms of the 
expansion ; 


F(r, p)=a-[NOr, PH+SV-U(r pf), — (16.68) 


where N and Tare new unknown functions not depending on the 
direction of p. Putting equation (16.68) in equation (16.67) and 
after simple transformations, we get a system of equations for 
Nand L For the steady case when u ¢év, we get u = const, 
H,= 0 and Bag(r) = 1/3¢ AH2(r) ) Sag... This system is of the 
form 

oe (mc)? [= 02N0 2u?2 (1 = mic! \ aN 
div l= Toy AW L3v op? 350 ‘Spu. ~3e2 ) Op + 


1 oO c? 
+o US tae ul]. (16.69) 
_ vA) 20N  pdoN . 
LSS 5 (4) “or 30p © (16.70) 


where A(r) = 3(mc% 2) fa e2£ <AH(r)>. Right-hand part of 
the continuity equation (16.69) contains the terms describing 
change in the energy of particles due to their collisions with the 
moving irregularities. These terms become equal to zero 
after integrating along all the values of p. The equation a6. 70) 
defines diffusion flux. The paramter 


x(r, p)= 2A) (ey (16.71) 
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represents diffusion coefficient. The expressions obtained for 
the diffusion flux significantly differ from the expression used 
in the work of Parker [18] : 


= — xP Ne. (16.72) 
Formula (16.72) is applicable only on satisfying two conditions : 
1) if % does not depend on the energy of particles and 2) if N 
is the total concentration of particles of all energies. The 
application of equation (16.72) for calculating the energy spect- 
rum of diffusing particles (see for example, [18] or the work 
of Terashima [122] is not correct. 


For the spherically symmetrical cases, on assuming 
that 2€ does not depend on r and € = cp>>mc?@, from (16.69) 
and (16.70), we get the following diffusion equation : 


@N . 2 0N aN 2p ON\ __ 


If the diffusion takes place in space where there are 
moving regions with a strong magnetic field in which the parti- 
cles penetrate only to a small depth (the case opposite to the 
one considered above), the equation (16.73) still remains valid 
but % , obtained from the kinetic equation, does not depend on 
p. In this case, an accurate solution of (16. 73) can be obtained 
in the form of a series with the help of the degenerated hyper- 
geometric functions. As an example, let us mention the solution 
of equation (16. 73) at % = const which may satisfy the boundary 
condition N(ro, p) = Nof Pg/p) at p > Po and N(ro, p)= Oat 
P ¢ Po Where rg is the boundary of the region in whichu # 0: 


2 u 


o(Sy. 2, = re) 


iy 
(2) rte p> 


oe (16.74) 


P<ly P< Po 
Here @ is the degenerated hypergeometric fuhction; ay are — 
the roots of the equation @(-a,, 2, ™ _r,) = 0and Pry = 9, 


se 
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/0 rg. As it follows from the equation (16, 74), the 

ratio y(r) = N(r, p)/N(rg, p) does not depend on pat p } po. 
Continuous curves in Fig. 16.6 give the dependence y(r) at ¥ = 
4.5 and the values of parameter k= uro/7e equal to 0.5, 1.0, 
2.0 respectively. The selected value of ¥ corresponds to the 
spectrum N(ro,p)p2dp ~ €-2-5 d& (E~xcp) at the boundary 

of the solar system. Values of y(r) calculated at the same 
values of ¥ and k with the help of formula (16. 72) are also 
given in the same Fig. for calculation purposes. It is seen that 
the error caused by the inaccuracy of formula (16. 72) can 
change the result by many times. The value k ~ 1 is obtained 
by assuming that u + 1000 km/sec, rg ~ 50-100 a.u., £ = 10 
km and< AH2 51/2 ~~ 10-4 gauss. However, in the case of 
protons with an energy of a few Gev, the Larmorov radius § in 
the quasiregular field of magnetic cloud is of the order of @ and 
therefore, the condition %€ = const is satisfied only approximate- 
ly. On increasing the energy of particles, the diffusion coeffi- 
cient given by equation (16. 71) increases and at § >>@, it 
becomes proportional to p* while at nonrelativistic energies and 
S<<f, itis proportional to p. Therefore, in order to obtain 
results which could be compared with the experiment, it is 
necessary to consider the dependence of diffusion coefficient on 
the energy of particles. 


0 : 
ad rfrg of 


Fig. 16.6. Dependence of y(r) on v/r, at Y= 4.5 and ur,/% = 0.5, 1.0 and 


2.0 (continuous curves). Dotted curves - values of y(r) calculated 
from formula (16.27). 


399 


L.1I. DORMAN AND L.1I. MIROSHNIGHENKO 


The effect of regylar magnetic field and of fluctuations 
in the velocity of solar wind on the motion of cosmic rays is 
briefly discussed in the work of A.Z. Dolginov and I.N. Topty- 
gina [123]. The existence of these factors was recently con- 
firmed by direct measurements. It can be assumed on the 
basis of the data of Wilcox and Ness [IIL 137], that the magnetic 
field in the Earth's orbit is more or less orderly and has 
sectorial structure. Turbulization of plasma and transition to 
disorderly field apparently take place beyond the Earth's orbit 
at distances of a few a.u. from the Sun, On the other hand, 
measurements of K.I. Gringauz et al. [124] show that the value 
and direction of the velocity of solar wind fluctuate and that 
Au can be of the same order as ug - the average rate of motion 
of magnetic irregularities. 


" Let us first of all consider the above-mentioned factors, 
namely regular field H and change in velocity Au, within the 
framework of diffusion equation. Here we will assume that the 
regular fieid does not move ata velocity u and therefore, there 
is no regular electrical field in the reference system associated 
with the Sun. In this case, diffusion equation, obtained from 
kinetic equation (16.67), takes the form 


ON I ON 
Gr = Vakag pN — WN +5 (WH) PG + 


Au? o2N v2 p OA oN 
+36 [Pa t+ EF ap)? ap] (16-75) 
Here Avu% = uo“ and ¥€ 1g is the anisotropic diffusion coeffi- 
cient. In the system of coordinates, the z-axis of which is 
directed along H andthe tensor 2g has components different 
from zero: 
f Hop? %,Ap 
i Shy FS TT TT? oe Sos TT? 
Lb %o  %o9 “33 (9? +- A?) “2 Xy (p?-+ A?) 
where § = cp/eH is the Larmorovy radius of the particle in the 
regular field, A is the transport range and =v A/3. In 


the case of a small angle of scattering at one magnetic cloud, 
we have 


A = 6e2p?/Yx el GH (n)). (16.76) 
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where £ is the size of the cloud and 2 He > is the mean square 
of the arbitrary field. However, the equation (16. 75) is valid 
even in the case when the particles are scattered through an arbi- 
trary angle. In this case, in place of the equation (16.76), we. 
will have A = [Cg{p)]~! where C is the concentration of magnetic 


clouds and g(p) = iT l-cos @ )de@ is the Scattering cross section 
of a particle at one cloud. 


The solution of the equation (16.75), not depending upon 
time, can easily be found in the absence of regular field at 2 o= 
const, Au2 = const and ug=. const. In the ultrarelativistic 
case when Spectrum is of the formdé / & 2.5, the concentration 
of particles will be N = f(r) (po/p)4-5 where po is a constant, 
The dependence of N on Au is shownin Fig. 16.7. It is seen 
that consideration of change in the velocity of solar wind insigni- 
ficantly changes the value of N. 


= 
= 


N(hul / N(4u-0) 


£0 
0) W B3 04M 
Vsu%y, 
Fig. 16.7. Dependence of the concentration of cosmic particles near the 
Earth's orbit on the ratio J Au®/u, at ugto/ Mo = 2. 


The transport range A depends on the coordinates and 
energy of the particle. In the case of small scale irregularities, 
it is proportional to pe; in the other extreme case when the field 
af magnetic clouds is strong and the particles penetrate in them 
only to a small depth, Adoes not depend on p. It is natural to 
assume that the second case must be observed for low-energy 
particles (see Section 14.4). But it may not be so in the pre- 
sence of a significant regular component of the magnetic field. 


A magnetic irregularity functions as a scattering center 
at the condition £¢<8as well as in the case of a large gradient 
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of the field. If the field of magnetic cloud is not large and 
changes gradually, the particle will mainly move in the direction 
of lines of force of the regular field which are slightly distorted 
due to existence of the arbitrary component of the field. The 
model of guiding center and not the diffusion equation (16.75) is 
more suitable for explaining the motion of particles in this 

case. Here, it may happen that penetration af low-energy parti- 
cles in the solar system is eased as compared to high-energy 
particles. 


The particles can move along the lines of force even in 
the absence of the regular field if the arbitrary field is suffi- 
ciently strong at all places and changes insignificantly at distan- 
ces of the order of 9 . The lines of force of the magnetic field 
in this case will be distorted in an arbitrary way and the 
motion of particles will be defined by statistics of the lines of 
force. Some qualitative estimates for such a case as applicable 
to the motion of cosmic rays in the Galaxy were made by G.G. 
Getmantsev [113] but the successive theory is absent. 


If there are small irregularities, functioning as 
stationary scattering centers, in the background of a Strong 
and gradually changing magnetic field, the distribution function 
of the particles satisfies the equation 


La peal 7 F+(r, aie 


sa heiacobatih sii 


Here A is determined from formula (16.76) while Ay is Lap- 
lace operator. functioning in coordinates transverse with res- 


pect to H, © is the pitch angle of the particle and h= u 


va==(0 cos 0-+--- sin? Oh rot i) b+ <P sin?0[h x | + 
+ upcos 0 [AX (hV)h}, (16.78) 
@(r, €)—=— vsinO divh+ op sin@ cos (57 [bX (HV) h] + 


+-hrot(hV) fh). (16.79) 
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Expression (16.77) is the drift equation, supplemented 
by terms describing collisions. Apparently, this equation des- 
cribes the motion of cosmic rays at a distance of a few a.u. 
from the Sun where regular component of the field is large and 
the irregularities play an insignificant role. At distances, 
significantly more than A, along the lines of force of the 
magnetic field, distribution function F depends on @ to a small 
extent and equation (16.77) changes into the equation (16. 75) 
on reaching the limit ¢<< 2and on putting u,= Au = 0 in the 
latter equation. Under these conditions, motion of particles 
attains the nature of diffusion with extremely anisotropic 
diffusion coefficient Map. — 


Before the end this Chapter, it should be mentioned that 
the problem of propagation of solar cosmic rays, and the 
problems discussed above are far from being exhaustive. It is 
appropriate to mention here that the above-mentioned basic 
views on this problem get, with every year, more and more 
verified experimentally owing to direct measurements in the 
interplanetary space as well as owing tothe results of investi- 
gations on interconnected problems. For example, it may be 
pointed out that good agreement has been observed between the 
values of the intensity and structure of the interplanetary field, 
obtained from the analysis of 1l-year variations in galactic 
radiation, from the analysis of flares of solar cosmic rays 
and from direct magnetic measurements in the interplanetary 
space, 


It is also necessary to mention the rigid relation between 
propagation of solar particles and modulation oi cosmic rays- - 
daily anisotropy, Forbush effects, 1l-year variations (determi- 
nation of life of irregularities, possibility of accumulation of 
low -ener gy particles in the interplanetary space, low -latitudinal 
cut-off of cosmic rays, distribution of irregularities in the 
interplanetary space, etc.). 
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CHAPTER V 
SOME PROBLEMS OF THE PHYSICS OF SOLAR FLARES 
AND GENERATION OF COSMIC RAYS ON THE SUN 


In order to understand the generation of solar cosmic 
rays, observations oh chromoSpheric flares and the phenomena 
accompanying them are extremely important. Let us mention 
8ome of the most important aims of these observations, 


1. Investigation on the characteristic features of the 
groups of sunspots in which the flares takes place. The 
establishment of the changes in characteristic features of a 
flare.and the magnetic fields after a flare is one of the funda- 
mental results of such an inveStigation. 


2. Nature of such phenomena, accompanying solar flares 
as whiskers", activation of fibers, loop protuberances 
flocculations, etc. Problems of predicting solar flare are 
related to these very phenomena, 


3. Study and interpretation of radio and X-ray radiation 
of flares which helps in obtaining information on the nature of 
acceleration processes on the Sun. Radio radiation of type IV 
is of special importance since it helps in locating the accelera~ 
tion region in the flare as its source in the beginning has small 
angular dimensions. 


4. FPeculiarities of chromospheric flares accompanied 
by an increase in the intensity of cosmic rays. 


17. OBSERVATION. AND CLASSIFICATION OF SOLAR FLARES 


17.1 Peculiarities af active regions and origin of flares, 
From the observations on solar-flare phenomena, first of all, 


follows .the conclusion that the appearance of groups of sunspots 
is the necessary condition for flares. 
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The relation N = bW between the number of solar flares 
N and the number of sunspots W was obtained in the work of 
Swestka [1]. In the recent past, this result was confirmed by 
Ellison et al. [2] on the basis of IGY data. A.B. Severnyi [3] 
mentions the following characteristic features of origin of flares 
in the groups of sunspots: 1) flares originate at neutral points 
of the Sun's magnetic field; 2) the appearance of flares is re- 
lated to the origin of a strong gradient of magnetic fields in the 
region of the neutral point; 3) the characteristic mutual redistri- 
bution of the field after a flare. 


While studying the development of sunspots, Jakimiec 
[4], from the comparison of isolated spots and spots of bipolar 
groups, found that the values of parameter C, characterizing 
the shape of a spot, have smaller deviations from the average 
value for isolated spots than for spots of bipolar groups, i.e., 
isolated spots have high "stability of shape", Evans [5] and 
Smith [6] observed similar characteristics of flares. However, 
Michard et al, [7] as well as Howard and Babcock [8] mention 
that significant quantitative changes in the Sun's magnetic field 
were not obéerved during class 1‘ flare. Later on, Reid [4] 
found that changes in the characteristic features of chromo- 
sphere and magnetic field do not at all exist during weak flares. 


Caroubalos [10] found an interesting result of the inves ti- 
gation on centers of solar activity. He mentions that parameter 
d/D as a characteristic of the centers of activity where d is half 
the distance between edges of penumbra of the spots of opposite 
polarity and D is the diameter of the spot. This parameter is 
related to intensity of horizontal field and gradient of longitudi- 
nal field. It was found that the groups of spots where flares, 
followed by outbursts of radio radiation and geophysical effects 
occur, are characterized by minimum values of this parameter. 


While studying the development of group spots, A.N, 
Koval' [11] found that the process of formation, development and 
disintegration of spots is directly related to the phenomena of 
“whiskers" and ejections. The presence or absence of move~ 
ments in the region of “whiskers” depends on the stage af 
development of group spots. k follows from visual observations 
that ejections usually precede formation of spots and are observ- 
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ed to the maximum extent during the initial period of the group's 
life. It is concluded on the basis of the observed movements in 
the region of whiskers" that asymmetry is apparently related 

to attenuation of emission of "whiskers" in one of the wings owing 
to ejection of the matter. 


Yu. L Vitinskii [12] describes some of the peculiarities 
of the centers of solar activity. It has been shown that the 
distribution of centers along heliographic longitude significantly 
differs from arbitrary distribution. The dependence of duration 
of centers on heliographic longitude was not observed. From 
the study of 64 developing groups of spots, 3 types of curves of 
increase in area were obtained and it was established that the 
nature of this increase is defined by the value of maximum 
area of a group and by its class (according to dynamic classifica- 
tion). It was established that class 2 and 3 flares and, very 
rarely, the maximum area of the group is the determining 
factor for the duration of a center of activity. On the above 
basis, an attempt has been made to classify centers of activity. 


Elliot and Reid [13] have described the movement of 
centers of activity on the Sun's disk during September 14-26, 
1963. The development of class 3 flare on September 26, 1963 
is also described in the work, The flare was accompanied by 
emission of cosmic rays of comparatively low energies (10-400 
Mev). On the basis of the comparison of this flare with others, 
it was assumed that the absence of high-energy particles in 
this case is related to peculiarities of magnetic field in the dying 
group of spots. 


For understanding the peculiarities of the origin of 
flares, Bruzek's work [14] is of great interest in which the 
relation between flares and loop protuberances is studied. 
Statistical processing of observational data shows that all the 
loop protuberances are related to large flares. Out of 25 loop 
protuberances cierves on the disk during 1956 -63, 20 were 
related to class 3 and 3+ flares while 5 to class 2 and 2” flares. 
Apparently, Solar protuberances represent a part of one 
phenomenon of the flare leading to spreading of flare process 
from the chromosphere to the corona. On the basis of these 
observations, Bruzek [14] suggested the following schematic 
model of development of flare and loop protuberances in Hg lines: 
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1. A few small bright knots appear on the disk; growing 
together, they gradually form a bright thread after 10-15 
minutes. Development on the limb starts with the appearance 
of flare undulations spreading at a rate of 10-15 km/sec. 


2, After about 30 minutes, a flare spreading ata rate of 
about 10 km/sec is seen on the limb, in which it is possible to 
distinguish loop structure and internal movement (spreading 
fiber of the flare). 


3. About 50 minutes after the commencement of flare on 
the limb, loop structure widening at a rate of 5-10 km/sec is 
observed clearly. The flare on the disk attains maximum bright- 
ness and gets divided into two parallel fibers diverging ata 
rate of 5 km/sec. 


4, After > 3 hours, the flare disappears on the disk, 
the loop system on the limb continues widening at a rate of 2 km 
Sec and gets divided slowly and finally disappears after 12 
hours, 


An attempt was made by Fokker [15] to interpret the 
phenomena observed by Bruzek [14]. Owing to the fact that 
dynamic properties of protuberances are apparently related 
closely to the changes in the intensity of magnetic field oz in 
the configuration of the lines of force, Fokker studies the con- 
figuration of magnetic field of two dipoles rotating in an ideal 
plasma. If the dipoles are stationary and antiparallel, they are 
connected by lines of force. It is shown that if the antiparallel 
dipoles start rotating in opposite directions in a plane passing 
through the axis of dipoles, the loop of lines of force, connecting 
dipoles, starts widening. In this case, each elementary volume 
of plasma will be displaced in the direction of widening of the 
loop; i.e., perpendicular to the direction of lines of force of 
the magnetic field. We, however, feel that dynamic processes 
related to the origin of loop protuberances have more compli- 
cated nature. This question will be discussed in Section 18. 


Valnicék [16] classified the escape of matter from 
active regions on the basis of the motion of escaped matter by 
considering the characteristics of the surrounding active 
region. He differentiated 3 types of processes, 
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1. Isolation of a part of the flare which resembles to an 
explosion and lasts for<10 minutes. At the later stage of 
this process, there is usual eruptive protuberance with dis- 
appearance of the matter back in the chromosphere. 


2. “Blowing out" of protuberances characterized by pro- 
longed existence in the quiet state with period of the active 
Stage equal to a few tens of minutes. These protuberances 
appear in the regions where there are no flares and spots. 


3, Flare with explosive phase and activation of fibers. 


It is shown that in the first and third cases, escape of 
matter from the flare region has explosive nature and the pro- 
cess itself is defined by the degree of activity of the region 
where the phenomenon takes place. Escape of matter in the 
second case has another nature. It is caused by the suddenly- 
appearing stable distance of a protuberance apparently related 
to the total magnetic field of the Sun. 


Problems of predicting solar flares were considered in 
the work of Waddell [17]. He worked out a statistical method 
of predicting powerful flares during 21-35 days. The method 
is based on the correlation between calcium floccules at the 
given revolution of the Sun and flares during the subsequent re- 
volution. The probability of a flare depends upon the area, 
brightness and age of the flocculated field. It is established 
that, if the zero points of the magnetic field remain stationary 
for 3 days or more, a flare may be expected in the given region 
during the next revolution of the Sun, 


The relation of flares to stationary neutral points of the 
magnetic field is considered in another work of Waddell [18]. 


For flares having an area of not less than 100 millionth 
part of the solar hemisphere (period 1959-60), a relation 
between their position and structure of magnetic field at the 
level of photosphere during 1 revolution of the Sun before the 
flare, has been established from the data of Sacramento-Peak 
and Mount-Wilson observatories. In 22 out of 51 cases, the 
position of the flare coincided with the neutral point which 
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existed at this place in the previous revolution. The field in the 
neighboring regions was more than 10 gauss. Retainability of 
neutral points during 1.5 revolution of the Sun was investigated 
on the basis of another control selection of 62 out of 80 cases 

of flares. The author arrives at the conclusion that the 
appearance of a flare, with an area more than 100 millionth part 
of hemisphere in the given magnetic region, during the next 
revolution of the Sun can be predicted with a probability of 0.43 
if : 1) the neighboring fields By are more than 4 gauss; 2) 2B y)/ 
(tis less than 1 gauss/day; 3) gradient of By is more than 10 
gauss/degree. On combining this method with the optical 

me thod (comparison with flocculated areas), justification of the 
prediction is evaluated at 0.79. 


The observed effects of accumulation and liberation af 
magnetic energy during solar flares are analyzed in Schmidt's 
work [19]. 


A classification of possible changes in the magnetic field 
of the Sun's active region according to the observed effects, 
caused by these changes, has been suggested. It is shown that 
distribution of normal component of the magnetic field on the 
surface of the Sun's active region makes it possible to-deter- 
mine the potential field over the sarface and to evaluate the 
total magnetic energy in space. In order to study the changes 
in the magnetic field during flares, 10 photospheric magnetic 
maps of the active region were used which were obtained on 
the magnetograph of the Crimean Astrophysical Observatory 
during July 14-18, 1959. During this period, three large 
flares took place in the region the most powerful of which 
(class 3+) was observed on July 16, 1959. Changes in the 
total magnetic flux @ and in the surface magnetic energy W of 
section under reference as well as the total energy U of 
the magnetic field in atmsophere over this section were 
determined from the magnetic maps. Significant and rapid 
changes in @ , W and U were detected and the nature of change 
of all the three parameters was the same. Increase of @,W 
and U before the July 16 flare and the sudden decrease (by ore 
order) after the flare have been noted. Two independent 
parameters are suggested for characterizing the space distri- 
bution of magnetic field of the region under reference: H = U/W 
characterizing the extent of field in the vertical direction and 
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R= $2/u characterizing the concentration of flux in photo- 
sphere. With the passage of time, these parameters increased 
slightly but did not undergo any Significant changes. It shows 
that large changes in the value of flux during a flare are not 
accompanied by corresponding changes in the geometrical flux 
distribution. Owing to large conductivity of the solar atmos- 
phere, changes in flux cannot be related to dissipation or diffu- 
sion of magnetic lines of force but are determined by the motion 
of matter. However, change in flux by retaining the geometry 
of the field points out such a relation between the field of velo- 
cities and magnetic field which appears to be less probable. 


M.B. Ogir and E.F. Shaposhnikova [20] mentioned one 
more interesting peculiarity of flares in groups of sunspots. 
They showed that the appearance of powerful flares is often 
preceded by new spots originating in the group or by intensifi- 
cation of spots earlier existing near the place of flare. 


New data on peculiarities of solar flares, their relations 
with configuration of spots and injection of protons are describ- 
ed in the works of Dodson and Hedeman [21] and Warwick [22]. 


17.2. Radio and X-ray radiation of flares. Let us now 


consider briefly some of the problems related to radiation from 
flares. As mentioned above, observations on radio emission of 
type IV are very important for understanding the mechanisms 
and for determining the regions of acceleration of cosmic rays 
in flares, Avignon et al. [24] showed that flares, accompanied 
by this type of radio emission, appear in the active regions 
consisting of very close spots of opposite polarity, i.e., under 
the conditions favorable for generation of particles. Boischot 
and Pick [24] found that radio emission of type IV gives rise to 
synchrotron radiation of relativistic electrons being accelerat- 
ed in flares and rotating in magnetic fields along spirals. This 
hypothesis was recently verified by Fichtel etal. [25]. 


Sakurai [26] pointed out that energy of solar protons is 
closely related to the energy of electrons responsible for out- 
bur sts of type IV in lower eorona and also described. the nature 
of flare-nimbus phenomenon accompanied by this type of radio 
emission. ‘He showed that flare-nimbus is cau: ed by energetic 
electrons trapped in sunspots by magnetic field after injection 
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of electrons by flares. (Qh the baSis of the study of radio 
emission of type IV, Sakurai [27] found in another work that 
magnetic field of sunspots has the structure of a magnetic 
dipole inclined to the west and situated under the photosphere 
and that flares mainly occur in the eastern part of the spot. 
These magnetic fields surround the flare region and form arc- 
type lines of force related to the main spot, in the magnetic - 
field of which, the electrons are retained after injection in the 
flare. 


X-ray radiation of AcsA is alsoclosely related to 
flares. Friedman [28] has given the available data on X-ray 
radiation and sudden ionospheric disturbances (SID) in the iono- 
sphere including the results of observations on X-ray on 
satellites "SR-1", "SR-16", "UK-1", "SR-3" and the Soviet 
satellites, Theoretical investigations on X-ray spectrum of the 
solar-flare radiation and its effects on ionization in the D-layer 
of the ionosphere are also described in this work .* 

The structure of active regions on the Sun, responsible 
for the variable part of short-wave radiation of the Sun, is 
Studied by Allen [26]. The results of calculations of retarding, 
, recombination and linear radiation are described in the work on 


*At the International Sympossium on Solar Activity (Budapest, September 
1967), American research workers Neupert, Tausy, Aktyon and others _ 
frresented latest data on X-ray radiation and solar cosmic rays measured on 
'OGO" satellites. A number of slitless spectroheliograms have been obtain- 
ed in the range 20-400 A in which the increase in brightness is observed not 
only near the edge of the disk but also in the region of protuberances. A 
significant increase in the intensity of rgdiation over active regions was 
observed in the spectral range of 1-25 A, Emission lines in the extreme Xv» 
vay region (2-12 A) and a number of new lines -- Ni, Fe and others -- in 

the range of 13-64 A were observed for the first time. It was possible to 
get a number of spectograms in this range during powerful flare of the May 
25, 1967. The time of attaining maximum intensity in different X-ray lines 
is intermixed: in the beginning, maximum is achieved in the extremely short~ 
wave line and afterwards, in the long-wave lines. The interval between 
maxima varied from about 1 miniite to tens of minutes. It is characteristic 
that the duration of illumination of flare in these emission lines is very large 
(of the order of the duration of illumination in the optical region). Since 
optical thickness for short-wave lines is much less than unity, the prolonged 
illumination in X-ray lines indicates relatively prolonged liberation of 
energy during a flare. This absolutely new result does not agree with any 
existing hypothesis of "instantaneous" energy liberation owing to 'unnihila- 
tion" of magnetic field, during the flare, in the region of neutral points. 
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the basis of the presented experiemental data on radiation of 
solar flares in the region A 210 &. 


- While studying outbursts of X-ray during September 28, 
1961 flare, A.A, Korchak [IV. 99] showed that the emission of 
the X-ray can be explained by retarding radiation of nonrelativis- 
tic electrons with &, 320 kev having power energy spectrum 
~ é,7. In order to explain the observed flux, it is necessary 
that No( = 20 kev) = 3x10°5 electrons. If the spectrum of 
electrons is extended to the region of relativistic energies, it 
is possible to satisfactorily explain the observed centimeter 
radio emission. Thus, the following interpretation of the phe- 
nomenon, of flare radiation can be given: hard X-ray radiation 
originates in the region af a flare or above it as a result of 
retarding radiation of nonrelativistic electrons being accelerated 
in the process of development of flares and having, for example, 
power energy spectrum ~ &,~Y, while the centimeter radio 
emission of type IV appears simultaneously as a result of 
synchrotron radiation of these very electrons only if their energy 
spectrum extends to the region of relativistic energies. 


Basic results of observations and investigations by 
different authors on correlation between centimeter radio 
emission and X-ray radiation of the Sunare described in Kundu's 
book [30]. The close correlation between X-ray and radio 
radiations of A <30 cm and the absence of correlation at J>30 
cm indicate the fact that X-ray appear at the same levels as 
radiation of centimeter waves, i.e., in the chromosphere. It is 
shown that radiation in X-ray and centimeter ranges can be 
interpreted as retarding radiation. 


The maximum on centimeter waves almost prec isely 
coincides with the maximum for X-rays and sometimes, even 
conformity in minute details of the two phenomena is observed*. 
It is assumed that energetic electrons (accelerated in the flare) 
give rise to outbursts of centimeter radio radiation owing to 


* In a report to the International Symposium on Solar Activity (Budapest, 
September 1967), Arnold et al. reported more than 70.cases of outbursts of 
hard X-rays with energy 10-50 kev on the basis of observations on 'OGO" 
satellite. On comparing the time variation of these flares with microwave 
radio outburst ( A= 3-10 cm), a close similarity between them was observed 
in the regions of increase and initial decrease of intensity. A similar com- — 
parison with the beams of energetic electrons and protons beyond the limits 
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synchrotron mechanism, Invading the lower chromosphere, 
the y give rise to outburst of high-energy X-rays (nonthermal 
retarding radiation) as a result of collisions with the atoms of 
neutral hydrogen. Apparently, this conclusion fully supports 
the conclusion made in the work of A.A, Korchak [IV. 99]. 


Tanaka and Kakinuma [31] studied the relation between 
spectrum of weakly~changing components of the solar radio 
emission and solar proton flares by using interferometric data 
on wavelengths of 3.2 and 7.5 cm. It was found that most of the 
solar proton flares during May 1959-December 1961 took place 
in active regions for which the ratio of the flux densities of radio 
emission of weakly-changing component at3.2 and 7.5 cm was 
more than one. The authors consider that the large value of 
this ratio indicates the presence of a suitable acceleration. 
mechanism in the active region Since the high intensity of 
magnetic fields of the spots in corona over active regions is one 
of the conditions of the increase in the value of this ratio. The 
probability of the occurrence of an outburst of solar protons in 
the active region, having a high ratio of flux densities of radio 
emission, is sufficiently high which is important for Breenne 
solar proton flares, 


While studying intense radio emission of the Sun on 
meter bands similar to the short-lived noise storms (from 3 
hours to 3 days), L.S. Levitskij [32] showed that it often origi- 
nates after flares which are accompanied by absorption in the 
polar cap(i.e., which produce solar cosmic rays). 


A solar flare is first of all an explosion and movement of 
matter and not of energy. Hagen and Barney [33] arrived at this 
conclusion on the basis of detailed radio-observations on the 
powerful short-lived flare of June 5, 1965. This complicated 
phenomenon was recorded by three radiotelescopes of the State 
University of Pennsylvania at frequencies of 10700, 2700 and 320 
MHz. Surplus solar radiation in the beginning appeared at the 
highest frequency and then at the lowest. Later, 2.2 minutes 


of the Earth's magnetosphere (from the data of satellitcs 'IMP-1" and 
"IMP-3"') showed that fast electrons are not observed near the Earth during 
proton flares (in 7 out of 8 cases) which could have led:to outbursts of hard 
X-rays during their passage through the atmosphere over the Sun's active 
region. 


413 


L.1. DORMAN AND L,I. MIROSHNICHE NKO 


after the commencement, there took place a radio outburst which 
was recorded only at the two higher frequencies. Two other 
flares were observed after 4.8 and 14 minutes. These three 
frequencies record the activity at altitudes of 10000, 13000 and 
30000 km respectively above the Solar photosphere. According 
to [33], the flare was a mass of matter moving externally from 
the photosphere at a velocity of > 70 km/sec. This matter 
apparently experienced three explosions during its ascent to 
altitudes of about 14000, 30000 and, probably, 60000 km. 


Works devoted to generation of solar radio outbursts are 
reviewed in the work of Smerd [34]. The analysis shows that 
electromagnetic radiation of electrons cannot intensify during 
collision with ions just like synchrotron radiation. In the case 
of cyclotron radiation, under certain conditions (positive 
gradient of distribution function according to energies at the 
Sth harmonic and insignificant Doppler shift), there will be 
negative absorption coefficient, i.e., intensification of cyclo- 
tron radiation at certain harmonics. Under certain conditions 
(two-beam unStability), the possible intensification of plasma ~ 
waves is also observed which later on changes into electromag- 
netic waves during scattering at thermal irregularities of 
plasma. The intensification takes place in a narrow band of 
frequencies near the plasma frequency ( <10-3 : on ae It may be 
mentioned that the last mechanism is most suitable for explain- 
ing the origin of I, H, III types of outbursts: excitation of 
plasma waves by electron beams of different velocities and their 
sub sequent transformation into electromagnetic waves. This 
mechanism explains. the lumine8cence temperatures of the 
order of 10!! °K, presence of two harmonics and other charac- 
teristic features of this radiation. 


A.A. Korchak [35] studied the possible mechanisms of 
generation of hard X-ray radiation during solar flares. In his 
work [35], the spectral power of retarding, synchrotron and 
Compton radiation is compared and the region of X-ray spectrum 
is determined in which one or the other mechanism can dominate 
depending upon the physical conditions in the radiation region 
and the nature of energy spectrum of accelerated particles. If 
the energy spectrum of accelerated electrons has a power fun- 
ction and continues inthe region Ex <= 106 ev with a constant 
inclination, the retarding radiation will predominate in whole 
of the X-ray region £.,>1 kev. 
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The relation between proton flares and radio outbursts of 
type IV is studied by Malville [36]. Since different frequency 
components of the outburst have different directions, type IV 
outbursts can Significantly differ from flares near the center of 
the disk and near the limb. The fact, that many flares are not 
accompanied by outbursts of cosmic rays near the Earth, may 
be associated with the impossibility of recording weak effects 
in co8mic rays, error in determination of events in radio range 
and with the effects of propagation of cosmic rays in the inter- 
planetary medium. The probability of recording cosmic rays 
after type IV outburst increases if: 1) the intensity of outburst 
in the range A = 3-30 cm is sufficiently high; 2) outburst A = 
10 cm attains maximum intensity after the maximum develop- 
ment of the flare in H,; 3) the flare during its development 
covers a part of the spot. The relation between proton flares and 
increase in the intensity of yellow coronal line [CaXV] 5694 
can be explained by assuming the existence of a region of 
accumulation of accerlated particles in the corona. Magnetic 
relation between the region of accumulation and the condensa~ 
tion region Situated below, leads to the fact that some part of 
high-energy particles fall in the condensation region and cause 
its heating. Accurmlation region itself is a source of synchro- 
tron radiation observed in the meter range*, 


17.3, Feculiarities of flares generating cosmic rays. 


Peculiarities of active regions, responsible for solar flares, 
were studied and data on radio and X-ray radiation of flares 
were given in an earlier Section. However, it was not possible 
to record high-energy solar particles in the case of all the 
flares. In order to solve the problem as to wnether cosmic 
rays are generated in all the cases, it is important to study 
peculiarities of the flares accompanied by large outbursts of 
cosmic rays on the Earth as well as to explain the nature of the 
frequently observed effect of small outbursts of solar cosmic 
rays (see Section 6). 


‘ 


; 
. According to N. P. Tsimakhovich [184], radio emission of flares can serve 
as an indicator of the chemical composition of cosmic rays. The higher the 
place of origin of the flare (in corona), the higher will be the flux of nuclei 
(and lesser will be the flux of protons) and more intense will be the flux of 
meter radio waves. If the flare occurs deep (in the chromosphere), centi- 
meter radio emission of Jong duration is observed and there will be signi- 
ficant emission of protons. 
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For understanding the peculiarities of flares responsible 
for the generation of cosmi¢ rays, works of Kfivsky [37-41] are 
of great interest, He points out in his works that the generation 
takes place when two fibers of flare have Y-shaped arrangement 
The author thinks that this stage can be considered as origin 
of an open channel along which the accelerated particles come 
out of the Sun, The Y-phase was detected by Krivsky for the 
flares of November 19, 1949, February 23, 1956, August 31, 
1956[38], July 18, 1961 [39], September 28, 1961 [40] and for 
many other flares. 


The interval between the ejection of cosmic rays from the 
region of chromospheric flare and their arrival at the Earth is 
determined in [41]. It is assumed that the moment of ejection 
of particles coincides with the appearance of Y-phase of the 
flare which is confirmed by its coincidence with the first maxi- 
rim of radio outbursts in the centimeter and decimeter 
ranges. The time of appearance of Y-phaSe is determined from 
spectroheliograms and H, from filtergrams obtained by the 
author in 1965 at the Crimean Astrophysical Observatory. The 
time of arrival of particles to the Earth was determined from 
the commencement of absorption of cosmic radio noise in 
polar caps and from the increase in the intensity of cosmic 
radiation based on the data of ground-based equipment. 


A catalogue containing data on 13 flares during 1957-61 
was compiled. The time between Y-phase of flares and com- 
mencement of absorption in polar caps lies within the limits of 
10-870 minutes (+ 8 minutes being the time of propagation of 
light) while the time between Y-phase and commencement of the 
outburst of cosmic rays varies from 3 to 85 minutes (+ 8 minut- 
es). A part of the catalogue includes corrected and additional 
data on 16 flares considered earlier [37-40]. 


Malitson [42] points out that the flares, responsible for 
the generation of cosmic rays, completely or partially cover 
the shadow of the main spot and occur in active regions whose 
life is more than one revolution of the Sun. 


A detailed analysis of optical characteristics of flares, 
emitting cosmic rays, was made by Bruzek [45] during 1959-63. 
Loop- shaped protuberances were observed in 19 out of 22 
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events. This conclusion not only gives a suitable optical index 
of generation of high-energy protons but is also important for 
understanding the mechanism of flares* 


Guss [44] studied the distribution of flares along heliogra- 
phic longitude which were accompanied by the effect in cosmic 
rays, Out of 56 flares recorded during January 1956-October 
1962, 13 were observed in the band 80°-90°W and were azccom - 
panied by the largest effects in cosmic rays. 


By analyzing the data on flares of May 4, November 12 
and 15, 1960, McCracken [45] found a correlation between the 
time of increase in the intensity of solar cosmic rays, degree of 
anisotropy (or presence of shock zones) and position of corres - 
ponding flares on the solar disk, It was shown in the work that 
the flares on the western limb give strongly collimated particles 
with quickly increasing intensity while flares in the center or on 
the eastern edge of solar disk give weakly collimated or even 
isotropic beams of particles. 


It is known that large outbursts of the intensity of solar 
cosmic rays have the tendency to appear during the years of the 
decrease or increase of solar activity but not at the time of 
maximum cycle, An analysis of the dependence of the frequency 
of flares on their amplitude A is reported in the work of A. I. 
‘Kuz'min and G. F. Krymskii [IV 74]. It is shown that the integral 
spectrum of the frequency of flares, recorded by neutron moni - 
tors, has the form N( >A)~+ A7% where K = 0.5-0.6. It is 
mentioned that this point of view is shared by many research 
workers, and the effect is explained by the existence of conditions 
most favorable for the propagation of solar particles in the 
interplanetary space during this period. Takakura and Ono [46] 
put forward another hypothesis for explaining this tendency. 

They suggest that the frequency of the appearance of class 3+ 
flares is constant during about three years after the maximum 
solar activity while the frequency of other flares during this 


* 

It was mentioned in the report of Z. Shvestki at the International Sympo- 
sium on Solar Activity (Budapest, September 1967) that proton flares are 
always accompanied by loop-shaped protuberances. A.B. Severnyi at the 
same symposium submitted data showing that the region of a proton flare 
corresponds to places of largest currents calculated from the vector of the 
magnetic field. 
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period decreases very sharply. On the other hand, the most 
intensive radio outbursts of type IV, accompanying the genera- 
tion of fast particles, have a tendency to appear during the 
phases of rise and fall of solar activity. Tf it is considered that 
class 3* flares, accompanied by intense radio emission of type 
IV (as compared to class 3+ flares not accompanied by such 
radio emission) are more effective for emission of solar cosmic 
rays, it is possible to formulate the following model [46]. 


If the cosmic rays are to be ejected, firstly, constant 
accumulation of magnetic pressure due to gradual twisting of 
magnetic field is necessary and secondly, there must be some 
starting mechanism which may release the accumulated magnetic 
energy. In that case, at the time of maximum activity, a large 
number of disturbances should be observed in the solar atmos - 
phere because of this starting mechanism and thus, the interval 
between disturbances will be very small so as to accmulate large 
energy required for accelerating the particles. At the same 
time, the number of disturbances, which could start ejection of 
particles, during the ascending and descending phases of solar 
cycle should be moderate, On the basis of this, the authors [46] 
assume that the decrease in the intensity of cosmic rays at 
maximum solar activity is a solar effect rather than a modula- 
tion effect. 


Vogt [47] showed that there are beams of low-energy 
protons in primary radiation even during the period of maximum 
solar activity. An increase in the flux of low-energy protons, 
caused by the arrival of particles from September 3, 1960 flare, 
was detected on the basis of data obtained on balloons over 
Churchill, It is assumed that such protons are also injected in 
the interplanetary space during chromospheric flares, The 
effect of small flares of cosmic rays was discussed in a number 
of works of L.I. Dorman et al.(see Chapter II), 


The results of statistical analysis of increases in the 
intensity of cosmic rays are given in the work of Yoshida [48] 
who, on the basis of data of 21] stations during July 1957- 
December 1960, detected that this effect is related to meter-band 
outbursts of radio emission of type IV. At the same time, 
decimeter-range radio outbursts of type IV are not related to 
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any increase in the flux of cosmic rays, Following are the pecu- 
liarities of statistical outbursts observed in [48]: 1) magnetic 
cut-off according to rigidities is same for statistical increase andl 
unusual outburst only if they are recorded a few hours after 

solar flare; 2) distribution of particles is isotropic; 3) time lag 
between flare and isotropic statistical outburst is 8-18 hours. 


Kodama [49] divided the observed flares into 4 types 
according to the nature of outburst effect: 1) unusual outbursts of 
cosmic rays (more than 100% on the Earth's surface); 2) small 
increases (0. 1-1%) and polar absorptions; 3) quick increase 
(delay with respect to radio outbursts of type IV less than 6 
hours); 4) slow increase (delay more than 6 hours), 


Peculiarities of active regions, generating solar cosmic 
rays, were studied by Noyes [50] on the basis of the data of 
observations during the period July 1957-December 1960, Out 
of the 40 events of recording solar protons during this period, 

30 can be definitely related to 20 active regions (a few events of 
generation of cosmic rays are related to the same active regions). 
These regions, representing the most active ones, onan average, 
are mainly characterized by magnetic configuration of sunspots 
of type PY or¥, area of sunspots >2 x 1074 part of the solar 
hemisphere and by the presence of five or more flares of class 

2. Onan average, more than 60% of the flares during these 
periods, giving rise to polar absorptions and outbursts of the 
intensity of cosmic rays, were observed: 1) in the northern 
hemisphere of the Sun; 2) towards west of the central meridian 
and 3) during first or second revolution of the given active 

region, 


The problem of the differences between chromospheric 
flares, accompanied by the increases in the intensity of cosmic 
rays, and ineffective flares is very important. A thorough 
analysis of this problem, by taking into account all the possible 
characteristics of flares, shows that there are very significant 
differences. Ellison et al, [2] summarized the characteristics 
of 6 flares (February 23, 1956, May 10 and July 16, 1959, 

May 4, 1960, November 12 and 15, 1960) which gave rise to 
increases in the intensity of cosmic rays on the Earth's surface, 
These flares were distinguished by bright radiation in Hg which 
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lasted for 2-3 minutes, large area of about 2000x1076 part of the 
hemisphere, presence of twin bright fibers intersecting the group 
of spots and going parallel to the magnetic axis, and by the 
covering of the shadow by fields of maximum intensity. During 
the last five events, continuous radio emission of type IV of 
large intensity and duration was recorded while sudden cosmic 
noise absorptions were recorded during all the events, Helio- 
coordinates of these flares show significant asymmetry which is 
absent in the case of normal flares of class 3 and 3+. There 
exists noticeable predominance of flares situated towards west of 
the central meridian and five events were observed when the 
flares took place near the western edge of the disk. It shows 
that high-energy particles, accelerated during flares on the 
western side of the disk, reach the Earth easily and along less - 
distorted paths, From this it follows that the presence of radial 
magnetic fields in the space between the Sun and the Earth are 
slightly distorted as a result of twisting of lines. of force towards 
west due to rotation of the Sun. All the flares, excepting one 
(whose heliolongitude was Z°5) were observed in the north of the 
solar equator, it can mean that the radial fields get inclined 
towards south (it might be related to motion of the Sun in the 
direction of solar apex). Some of the flares under reference 
belong to the category of the biggest flares ever observed while 
other flares are not distinguished by high intensity of optical 
characteristics, Ellison et al, [2] draw the conclusion that 
arrival of high-energy particles, which can give rise to effects in 
cosmic rays on the Earth's surface, is mainly determined not 
by the optical intensity of the flare but by such factors as non- 
constancy of magnetic fields in the space between the Sun and the 
Earth, location of flare on the solar disk and nature of magnetic 
field in the group of sunspots, 


" With the aim of exposing the peculiarities of flares gene- 
rating powerful beams of fast particles, Athay [51] thoroughly 
studied the phenomena associated. with large flares of cosmic 
rays on July 16, 1959 and on November 12, 1960, These pheno- 
mena are compared by him with the conditions on the Sun during 
the periods July 6-22, 1959 and November 5-21, 1960. The 
comparison of characteristics of optical and radio emissions of 
large chromospheric flares shows that there is no significant 
difference between the flares responsible for large increases in 
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the intensity of cosmic rays and having no noticeable outbursts. 
The author mentions that although any such type of differences 
have not been detected up to this time, it is necessary to search 
for them. Discussion of observational data on magnetic fields 
and different types of radiations lead the author to the conclusion 
that the usual concepts on flares can be wrong and that huge 
liberation of energy is the most important peculiarity of flares 
giving rise to large beams of solar cosmic rays*, 


17.4 Relation of the amplitude and time variation of 
solar particles with the characteristics of chromospheric flares, 
Forbush effects and geomagnetic storms. Interesting results on 
the ‘nature of propagation of solar cosmic rays were obtained by 
Yoshida and Akasofu [II. 42] who grouped together the Forbush 
effects (according to amplitude of decrease in cosmic rays) and 
geomagnetic storms (according to characteristics K, and Dye ) 
depending on the peculiarities of solar cosmic rays generated by 
the same chromospheric flares that were responsible for geo- 
magnetic storms. It was shown that a significant difference in 
the appearances of flares on the Earth, depending upon their 
heliologitude, is observed only on grouping in this manner. It 
was also shown that chromospheric flares, giving rise ts noti- 
ceable increases in the intensity of cosmic rays, lead to ‘the 
release of an huge amount of energy resulting in geomagnetic 
storms and to large Forbush reductions, 


Variations in the intensity of neutron component of 
cosmic rays have been studied by V.I. Ivanov et al. [52] on the 
basis of the data of world network of stations during chromosphe- 
ric flares accompanied by electromagnetic radiation and during 
15 intensifications in the brightness of the Sun which were 
accompanied by X-ray radiation (A. K. Pankratov [53]) during 
the period of maximum solar activity. By the superposed epoch 
method it was found that the increase in intensity in the shock 
zones is equal to 0.25% while the amplitude of increase outside 
these zones is of the order of 0.1%. These results once again - 
confirm that cosmic rays can be generated on the Sun even during 
less-active processes which are accompanied by electromagnetic 


*on the whole, one has to state that a specific criterion, which could unambi- 
guously characterize a proton flare, has. been found neither in the optical 
nor in the radio range of the Sun. 
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radiation [II. 19; I1.22; 11.23]. It was also shown in the work 
[52] that the amplitude of outburst in shock zones decreases with 
the decrease in solar activity while the rate of decrease of inten- 
sity increases, The duration of decrease from eastern flares. 
changes less than that from western flares and the change in the 
duration of decrease depends more strongly on heliolongitude 
than on heliolatitude. The rate of increase for eastern flares is 
less than that for western flares and the maximum of intensity is 
diffused, The ratio of the effects from flares on western _ 
hemisphere of the solar disk to the effects from flares on the 
eastern hemisphere is less during the years of minimum solar 
activity. 


In recent years, the attention of many research workers 
was attracted by the continuous optical radiation of chromospheric 
flares (see, for example, the works of McCracken [54], Becker 
[55], de Yager [56], Michard [57]), The observational data on 
these "white" flares is still scanty but nevertheless analysis of 
this problem by Yu. N. Dolginova and A, A. Korchak* showed 
that the white flares do not at all differ from the usual flares 
(including those which are accompanied by propagation of high- 
energy particles to the Earth), This conclusion confirms the 
assumption made by the authors [55-57 ]**. 


B.M. Viadimirskii and A.A. Stepanyan [59] paid much 
attention to the fact that half of the large outbursts of solar 
cosmic rays took place during Forbush effects (March 2, 1942, 
August 31, 1956, July 16, 1959, May 4, 1960, November 3, 1960, 


* zs : s . 
Personal communication. 


** it is interesting to mention that the May 23, 1967 flare of class 3, accord- 
ing to observations at Boulder [58], was brighter in white light than the 
surrounding photospkere by a few percent. Polarization of radiation in white 
light was not observed. According to the observations at the Sacrmento -peak 
Observatory, the maximum in white light for this flare was recorded at 

1840 UF while according to photographs in Ha, the maximum occurred at 
1944 UT, The flare was accompanied by a powerful magnetic storm, polar 
aurora (May 25), intensification of X-ray and radio emissions and by the in- 
crease in the flux of low-energy solar cosmic rays. 

At the International Symposium on SolarActivity (Budapest, September 
1967), Newcrick et al reported data on the fact that an increase in the inten- 
sity of white corona is observed during a proton flare. The region of this 
illumination is much more than the area of flare in chromosphere. 
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November 12, 15 and 20, 1960, July 18 and 20, 1961, etc). 
About 50% of polar absorptions were also observed during 
Forbush effects. Here, in most of the cases, chromospheric 
flares giving rise to outbursts are situated in those very active 
regions which are responsible for Forbush reductions, A de- 
tailed statistical analysis was done in [59] by the method of 
superposed epochs of flare effects (class 2 and 3) during six 
Forbush reductions on the basis of the observational data on the 
neutron component of cosmic rays obtained by the world network 
of stations (see Table 17,1). 


According to [59], it follows from the experimental daia 
that if the flares occur in the region responsible for Forbush 
effect, solar cosmic rays reach the Earth earlier and their beam 
is more anisotropic (there are shock zones) than in the case 
when chromospheric flares occur in some other active region. 


Let us review some more works in which the questions 
related to properties of flares and their geophysical effects are 
considered. 


While analyzing heliolongitudinal distribution of flares, 
Warwick [60] showed that the proton flares which gave rise to 
intense polar absorption have a more distinct tendency to appear 
at certain preferred heliographic longitudes than appearing near 
the spots and other active regions of solar formations, The 
diagram, illustrates the concentration of proton flares during 
1954-63 at heliolongitudes of 140° and 320°, and 2 active antipodal 
longitudinal intervals. Locations of preton flares are related to 
a rigidly rotating layer of the Sun. It is reported that the longi- 
tude intervals, where proton flares usually occur, coincide with 
those of huge concentrations of visible, active, solar formations, 


Characteristic features of the distributicn according to 
heliolongitudes of: (a) flares after which solar cosmic rays were 
detected only from absorption of cosmic radio noise in the 
Earth's polar regions and (b) flares after which cosmic rays 
were recorded at sea level are discussed in the work of 
Krivsky [61], A three-dimensional model of the cloud of solar 
cosmic and subcosmic particles has been suggested on the basis 
of these characteristic features. Half width of the cloud in the 
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eclipitic plane at the Earth's orbit is of the order of 45-110°, The 
axis of the cloud at the Earth's orbit is inclined in the eastern 
direction at an angle of 40-80° from the radial direction in the 
flare region, 


Mentioning the significance of the problem of prediction of 
chromospheric flares, accompanied by ejection of particles of 
solar cosmic rays (proton flares), A, S. Dvoryashin [62] describes 
following characteristics associated with them: 1) the strongest 
effects in the polar ionosphere correspond to radio outbursts of 
type IV with the predominance, in terms of power, of the first 
phase (in the centimeter range); 2) X-ray radiation of proton 
flares is characterized by long duration, wide interval of wave- 
lengths and presence of photons of energies right up to 0,1 Mev 
(which is detected from ionsopheric effect at those observation 
points where the Sun at the time of the flare was in the horizon). 
The problem of the geometry of interplanetary magnetic field is 
briefly discussed on the basis of work of the author on the analysis 
of the data on minimum reflection frequencies (f,,;,). 


A very important result was obtained by M.N. Gnevyshev 
and L. Kriveky [63] who showed that the number of protons as well 
as the number of chromospheric flares in the 11-year cycle have 
two maxima in the same way as the intensity of corona, number 
of protuberances, area of sunspots and intensity of radio emission 
of the Sun. The proton flares appear at the places of intense 
brightness of the corona. The second maximum is characterized 
by the appearance of extremely strong phenomena, for example, 
flares of solar cosmic rays, A catalogue of proton flares during 
1954-1964 is given in [63}*, 


Before this Section ends, let us mention some of the 
reviews summarizing the results of investigations on flares con- 
ducted during the past few years. V.G. Banin [64] analyzed in 
detail the problem of magnetic fields in powerful chromospheric 
flares, In particular, the following basic problems of the physics 


. Sakurai [104] found that during the descending phase of the cycle of solar 
activity (1959-1963), proton flares most frequently occurred only in two 
regions in the northern hemisphere of the Sun. These two active zones, 
separated by 160° along the longitude, coincide with the regions of strong 
brightening of the green coronal line where strong magnetic fields are 
supposed to be existing. 
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of solar flares are enumerated in the review of Glaser [65]: 
explanation of the mechanism of accumulation and quick liberation 
of huge amount of energy (1032 erg) during 1000-2000 seconds; 
search for the mechanism of acceleration of solar cosmic rays to 
1 Gev; causes as to why some flares are not accompanied by 
radio emission while in other cases, radio emission is observed 
without visible solar flares. Much attention is paid to the red 
fluorescence on the Moon's surface, and to two recorded cases 
which are assumed to have been observed after two solar flares 
(see Section 12.1). 


Smith [66] gave a detailed review of the structure, 
development and the motion of flares. Analyzing the distribution 
of flares according to latitude and longitude, the author [66] 
arrives at the conclusion that flares are not plane formations 
but have certain height. The east-west asymmetry is 
apparently absent. Number of flares as well as probability 
of the appearance of strong flares is more in long-life centers 
of activity. In small groups of spots existing for less than 
3 days, flares are rare or are absolutely absent. The depend- 
ence of the number of flares on the number of spots is very 
weak, Flares on an average appear every 20-30 minutés near 
the maximum of sunspots. The relation between the area and 
duration of aiflare is very weak. Flares are slow-moving 
formations: their velocity along the vertical is upto 10 km/sec 
but their tangential velocities, determined from the Doppler 
effect, sometimes go up to 200 km/sec. Disturbances due to- 

a flare, especially due to an explosive one, are spread at a 
velocity of the order of a few hundred km/sec. The so-called 
homologous flares have a strong tendency to reappear at almost 
the same places in the active region. The other class, i.e., 
coordinated flares are characterized by the fact that they are 
caused by a previous flare. The excitation in these cases 
propagates at a velocity of about 1000 km/sec. On the limb, 

the flares have the form of circular suspensions, cone, loop or 
irregular structure. Most of them attain a height of 2000- 

10000 km while the average height is of the order of 7000 km and 
the maximum height, 50000 km. The retation between the 
intensity of Hg line aid the area of a flare at maximum brightness 
is very weak. Extremely strong flares have a brightness about 
25 times that of the quiet chromosphere. Many flares are 
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accompanied by ejections of a gas. Propagation velocity of 
ejections of the surge type varies from 50 to 200 km/sec and 
that of sprays goes upto 1500 km/sec. 


A number of effects caused by flares (absorption of short 
radio waves, Forbush decrease of cosmic rays and other pheno- 
mena in the Earth's surroundings) are considered in Chapter II 
(also see the reviews of Byrne et al. [67], Elliot [68] and 
Roederer [I. 90]). 


18. THEORETICAL INTERPRETATION OF PHENOMENA IN 
SOLAR FLARES 


Earliest attempts on the interpretation of the processes 
of solar flares were based onthe discharge theory. The essence 
of this theory lies inthe fact that electrons in the presence of an 
electric field attain additional energy. On increasing the 
temperature of electrons Te, the frequency of their collisions with 
ions decreases; the losses of energy also decrease and this leads 
to further increase in the energy of electrons. Since conductivity 
w-w~Te 2, a process similar to a discharge takes place. The 
inter pretation of the flare as the result of an electric discharge 
taking place just near the neutral point of the magnetic fieid, 
was assumed by Giovanelli [69] and was later developed by 
Dangey [70]. While commenting on the discharge theory of flares 
Cowling [71] and afterwards, A.B. Severnyi [3] showed that . 
strong electric fields, under the conditions of a flare, cannot 
exist due to high conductivity of plasma. 


On the other hand, Ellison [72] found the value for energy, 
emitted by solar flares, to be of the order of 1032 ergs. It gives 
a yield of about 103 erg/cm3 which is about 103 times the density 
of thermal energy in an equivalent nonflare region. This fact 
necessitates introduction of magnetic field in the theory of flares 
since only magnetic field can accumulate the required energy. 


Let us briefly consider some of the models of accumulation 
and subsequent rapid release of energy of particles due to mmgnetic 
field. 


Wentzel [73] considers the rapid collapse of unstable 
chromospheric region to a region of the minimum but finite 
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intensity of field under the action of magnetic forces as a possible 
mechanism of a flare. The process of formation of a flare starts 
from the development of magnetohydrodynamic turbulency during 
the collapse. Compression of magnetic field leads to a break 

in the collapse (moment of maximum flare) since plasma 
luminescence gets intensified during collapse because of ohmic 
dissipation of energy inthe case of a collision of "magnetic 

whirls" with the lines of force inthe opposite direction. Turbulence 
and luminescence start fading after the break in the collapse. 


If the collapse develops in the higher layers of the Sun's 
atmosphere where density is low, the dissipated energy of the field 
will not be carried away by radiation but will only heat the plasma. 
In this case, in place of a chromosopheric flare, there can be a 
"corona" outburst accompanied by X-ray, corpuscular and radio 
emissions. Under reasonable assumptions about the dimensions 
of "whirls", the model gives values which are in agreement with 
observations: duration of flare 35 minutes; total thickness of 
emission layer 4.5 km in the case of a flare of size 5x10 km; 
electron concentration 10!4-10°? em-3. 


The nature of the brightness curve, appearance of dual and 
simultaneous flares as well as some other characteristic features 
of flares can be explained qualitatively onthe basis Of the suggested 
explain the peculiarities of the acceleration of solar particles in _ 
flares with the help of this mechanism. 


In the earlier work of Gold and Hoyle [74], the twisting 
of solar magnetic fields is taken as the basis for formulation of 
a model of flares. It is assumed that this process, described 
by Babcock, envelopes photosphere as well as chromosphere 
by keeping a large amount of energy as surplus. Here, to 
initiate the flare, a starting mechanism is thought of, which 
requires another magnetic loop and twisting in the opposite _ 
direction. As shown inthe review of Byrne et al. [67], this 
theory does not explain the observed double threads of lumines- 
cence during flares; moreover, the assumed starting mechanism 
requires fulfillment of extremely complicated conditions. 


Jacobsen and Carlqvist [76] describe the similarity 
between solar flares and voltage surges appearing at low 
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pressure in a discharge tube connected to an inductance circuit. 
It is assumed that the current system in chromosphere represents 
fibers which connect different parts of spot groups and pass 
through the corona. Existence of such current systems 
corresponds to accumulation of energy in magnetic fields 
associated with them. Inthis case, characteristic conditions 
of plasma are retained; the voltage drop of the electric fie Id 
along the fiber is small. If neutrality of charge is locally 
disturbed due to some reason, voltage drop at this place 
increases abruptly. A double electric layer is formed, a part 
of the accumulated energy changes into the energy of space 
charges and the particles get accele rated accompanied by rapid 
liberation of energy. The author shows that in order to fulfil 
the necessary conditions, it is sufficient that the current, passing 
through the boundary between chromogphere and corona, may be 
more than some critical value. 


The dynamics of magnetized plasma was studied ina 
number of works by A.G.Severnyi [3, 77, 78] in connection with 
the- problem of solar flares. He suggested the following model 
of flares. As a result of typical hydrodynamic motion of the 
lines of force and as a result of the growth of the field of spots, 
there originates a neutral point with a strong gradient of 
field around it and the plasma gets rapidly compressed (during a 
few seconds) around the central point which develops at an ever - 
increasing velocity. The compression is stopped by the deve lop- 
ing shock wave at a distance ¢, 10. km near the neutral point. The 
plasma in this volume attains a temperature of about 5x1 06 °x 
The remaining, large part of the flare beyond the front of the 
shock wave gets widened. Thus, the flares were considered as 
a type of pinch effect, i.e., self-compression of plasma around 
the neutral axis, appearing as a result of unstability of plasma. 
Here, it was assumed that dynamics of this one- -dimenstonal 
process is defined by the rapid growth of magnetic pressure of 
the plasma as compared to the gas pressure. 


This model was analyzed in detail in the work [¢¢y in 
which the causes of the origin of self-compression were studied. 
It was shown that the "starting mechanism" i.e., the magnetic 
field, during rearrangement of which the energy of the plasma 
retained in the field gets liberated, is switched-on after the exit 
on the Sun's surface and subsequent closing of magnetic toroids 
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having opposite direction of the lines of force. If the toroids are 
stable, there must exist azimuthal fields around them which at the 
places of contact have opposite directions. These fields quickly 
de stroy each other at the places of contact. A similar situation. 
arises either during self-closing of the tube if the tube during 
bending undergoes twisting leading to the origin of azimuthal 
fields or during contact of two tubes of force similar to traps. 

In the latter case, external pressure upto the time of contact 

is balanced by the sum of magnetic and gas pressures inside the 
tube but when the field at the place of contact is destroyed, the 
magnetic pressure reduces sharply and the force of external 
pressure starts acting on both the tubes. This force tries to 
compress them relative to the neutral plane, i.e, there takes 
place the process equivalent to rapid withdrawal of a part of 
plasma from the region of contact. 


While developing the model of self-compression of plasma 
around the neutral points of magnetic field-- the model which was 
earlier discussed in [77]-- V. P. Shabanskii [79] showed that, in 
this case, the observed magnetic fields and their gradients in the 
re gions of neutral points must coincide with the current flowing 
in the same region. In this case, it is difficult to think of the 
conditions for realizing the mechanism of self-compression since 
this mechanism does not leave any place for the possibility of 
slow accumulation of energy owing to the fact that a mechanism, 
hindering the compression before some fixed time, has not been 
forseen inthis model. V.P.Shabanskii studies in detail the 
possibility of the appearance of a similar state in the case of 
amalgamation of two tubes of forceless fields into one tube in 
which two azimuthal fields will exist in opposite directions. Under 
favorable conditions, the time of diffusion of internal longitudinal 
field into plasma can be of the order of 103 seconds. Annihilation 
of these fields releases the pressure of longitudinal field counter - 
acting the compression. The whole of the configuration starts 
setti ig compressed under the action of the azimuthal field while 
the inside region will get heated. It is suggested that the process 
of annihilation of fields takes place not in the chromosphere (in the 
region of flare) but at large depths where concentration of particles 
is of the order of 10!7 cm-3 and pressure of gas is comparable 
to the pressure of magnetic field. In this case, energy liberated 
during annihilation of the field is low as compared to the thermal 
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energy of the plasma and dées not lead to significant heating of 
this region. It facilitates to retain favorable conditions for cross 
diffusion of oppositely directed azimuthal fields. In the case of 
such a process in the chromosphere, heating can freeze the fields 
and stop the process. Inthe case of transfer of reorganizing 
magnetic fields into the chromosphere, this process will 

have the nature of a flare. 


As far as the latter mechanism is considered, recently 
Kopecky [80] showed that it is necessary to reconsider the 
existing view on the mechanism of formation of spots as a 
result of lifting of magnetic tubes from deep layers in the 
photosphere and to find a new mechanism of formation of spots 
and fields, associated with them. This conclusion has been 
drawn on the basis of investigation on the theory of disintegration 
of magnetic fields of sunspots which was put forward by Ktinzel 
et al. [81]. According to this theory, the time of disintegration 
of spots is comparable to the duration of the existence of spots. 
It contradicts Cowlings theory which gives disintegration time 
more by a few orders. 


Basic aspects of A.B. Severnyi's theory were criticized 
by S.1. Syrovatskii [82]. First of all, S.1.Syrovatskii showed that 
the dynamics of the process of compression, defined in [77] by the 
growth of magnetic and gas pressures, actually depends on the 
gradients of these parameters. Afterwards, on the basis of the 
solution of the system of magnetohydrodynamic equations for the 
case of small disturbances, he showed that one-dimensional 
compression leads either to a new state of magnetohydrodynamic 
equilibrium or, on considering nonabaticity of compression, point - 
ed out by A.B. Severnyi [83], to compression with a velocity 
determined by the rate of transfer of heat from the system. 

Thus, onthe basis of A. B.Severnyi's model, it is difficult - 
to expect some quick processes of rearrangement and dissipation 
of magnetic fields. 


Unstable nature of plasma at the time of origin of solar 
flares was also discussed by Jaggi [84]. He analyzed magnetohy- 
-drodynamic unstability of plasma of conductivity¢ se. This 
unstability is related tothe gradient of magnetic field in the 
region of neutral points of the magnetic field near the spots. 
After pointing out the principal difference of laboratory pinch 
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effect from the conditions in chromosphere inthe region of 
neutral points and by using the method of analyzing plasma 
stability of relatively small disturbances, Jaggi-found that plasma 
with v= © is stable in the region of neutral point. Possibly, 
gradients of magnetic field in the region of neutral point are such 
that unstability practically cannot develop. The time of develop 
ment of unstability for long-wave disturbances (of the order of 
Larmorov radius of electron) was estimated to be 1012 seconds. 


The problem of the origin of plasma unstability in the 
region of neutral points is considered separately for the case 
when isotropic plasma conductivity is finite. In this case, two 
types of unstabilities are possible: fluctuating and explosive. 
The time of growth of explosive unstability in the case of long- 
wave disturbances has been evaluated at different values of 
temperature and magnetic field in the chromospheric. plasma. 
This time lies within the limits from a few seconds to a few 
minutes which corresponds to the time of development of a 
chromospheric flare. 


A brief review of works, interpreting a flare as 
2n explosive phenomenon, was made by R. Kh.Guseinov [85], 


The model of the origin of a flare in the neutral-plane 
between two dipolar fields, suggested by Wild [86], is of some 
intere st. 


Out of a large number of theoretical mechanisms taking 
up annihilation of magnetic field for explaining processes of flares 
at present the most prospective are the theories which consider 
rapid rearrangement and dissipation of magnetic fields into the 
class of two-dimensional flows. 


The first step in this direction was taken by Sweet [87] 
who studied one -dimensional steady compression of plasma 
between two antiparallel layers by considering outflow of plasma 
in the radial direction along the layer. Sweet showed that, if the 
gas pressure is less than the limiting value, hydrostatic 
equilibrium in this case becomes unstable in the conducting 
medium. Motion, caused by disturbance of hydrostatic equilibri- 
um, leads to the fact that the distance between oppositely directed 
lines of force will be reduced and a velocity of dissipation, 
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sufficient for accelerating solar particles, can be obtained in 
this way. 


However, while quantitatively evaluating Sweet's model, 
Parker [88] afterwards showedthat it leads to extremely large 
durations, necessary for releasing the energy. In order to get 
lesser time of dissipation of magnetic field than the one 
obtained from Sweet's mechanism, Parker included the mechanism 
of ambipolar diffusion in Sweet's model. The essence of this 
mechanism lies in the fact that the magnetic field moves along 
with the electrically-conducting ionized component of plasma 
whose motion relative to the neutral component is delayed by 
friction caused by the collision of ions with neutral atoms. 

Owing to this phenomenon, decrease ineffective conductivity 
can be included in the value of velocity of dissipation of magnetic 
field. 


While reconsidering the mechanism of Sweet and Parker, 
Petchek [89] showed that the time necessary for conversion 

of magnetic energy into thermal energy is very large even 

on conside ring the mechanism of ambipolar diffusion suggested 
by Parker, The mechanism of propagation of magnetohydro- 
dynamic waves will play an important role since ambipolar 
diffusion decreases on increasing conductivity. It is pointed 
out in the work of Petchek [89] that in the case of a stable 
beam, both the mechanisms i.e., diffusion as well as 
propagation of magnetohydrodynamic waves, function 
simultaneously leading to a higher ve locity of annihilation ami 
rearrangement of magnetic lines of force in the medium of 
high conductivity as compared to the case when the wave 
mechanism is not taken into consideration. According to 
Petchek's estimate, in the case of a compressible beam 
corresponding to solar flares, the energy, required for a solar 
flare, can be released during 102 seconds. 


Thus, this theory satisfactorily explains the rapid 
heating and ejection of plasma in the region of solar flares. 
However, the question of the generation of accelerated- 
particles remains unanswered in this theory. 


The model suggested by S.1.Syrovatskii [90] 
gives the most rigid picture of rapid dissipation of magnetic 
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field providing effective acceleration of charged particles. By 
solving the magnetohydrodynamic equations for two- 
dimensional motions of plasma in the fields where the 
condition 


pee. (18.1) 


is satisfied, S.I.Syrovatskii obtained the equation of motion of 
plasma in the form 


1 : 
f= — 1 AATA, (18.2) 


where p and § are gas pressure and density of plasma respecti- 
vely and A is the potential vector of the magnetic field, 

It is shown that, in this case, the disturbance of the initial 
equilibrium state leads to quick (with Alfven velocity wy) 
establishment of a new quasiequilibrium state by displacing the 
transverse lines of force; moreover, the system will under go 
a number of quasiequilibrium states determined by condition 
of equation (18.1), 


By studying this problem for the region with neutral 
point, appearing between two parallel currents situated on x- 
axis and displaced to a small distance 8, it is possible to get 
the picture of motion of plasma and the frozen magnetic field 
which is shown in Fig.18.1. As is obvious from the calculation 
of Jacobian transition from undisplaced coordinates to displaced 
ones, there appear regions with strong evacuation and. 
compression of plasma during the process of displacement in 
the region hk >> As (r, is the distance at which Alfven velocity 
becomes equal to the velocity of sound). 


In the region «x ls there also appears a region of strong 
compression in which the characteristic ratio of the gradient 
of field to the concentration of plasma is equal to 


Rie fe & 
a Mg ri : (18.3) 


where h is the gradient of the magnetic field. 


This value determines the criteria of violation of 
frozenness in this region since owing to quasi- stationary 
equation 
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Fig. 18.1. Qualitative picture of deformation of magnetic field in the model of 
dynamic dissipation [90]. Horizontal hatching -region of evacua- 
tion; double hatching - region of strong compression. Dotted 
arrows show the direction of deformation of the field. 
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the ratio h/n cannot go beyond the obvious limit 


hin < 4ne, (18.4) 
where nis the concentration of charges of both signs in the 
‘. plasma. 
= If the condition (18. 4) is not satisfied, it means that the 
concentration of charges is insufficient to balance the increas- 
ing gradient of the magnetic field. It leads to the production of 
an induction electric field E which, as if directed along the cur- 
rent j , accomplishes positive work on particles by increasing 
their energy; this is the process which provides transformation 
of magnetic energy into kinetic energy of particles, i.e., dyna- 
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mic dissipation of magnetic field. It is characteristic that this 
process is not associated with Joule dissipation and if the con- 
dition of frozenness is not satisfied, current density becomes 
maximum and the energy of the field is spent on increasing the 
total (relativistic) energy of particles. 


e= Vorpt mic, (18.5) 


From the estimate of energy concentrated in the region of mag-~ 
netic compression : 


Wim hes (18.6) 


it follows that a fraction 3 of the total energy réleased is con- 

centrated in the region of compression, The remaining part is 
spent on compression in the region 4~J2¥ and on deformation of 
the field in the surrounding atmosphere. 


Time characteristics of the process are determined from 
the relation between fall of pressure in the region under refere- 
nce and the gaseous dynamic motion of plasma balancing the fall 
of pressure. It is shown in [90] that the influx of plasma cannot 
balance the fall of pressure if the basic currents move with a 
velocity v>>74J6 where 4 is the velocity of sound in plasma. 


Since the motion in the region of strong field takes place 
with Alfven velocity v,>>4 this process can be realized in 
practice. 


The obtained results were applied by the author to the 
phenomena taking place in a solar flare. Characteristic time of 
the process at the usual values of concentration, temperature 
and gradient of the magnetic field was found to be << 3x10 
sec. It was shown that only fast magnetic electrons are easily 
generated in active regions on the Sun: strong gradients and 
significant displacements of spots are necessary for flares gen- 
erating relativistic particles. It was found that the liberated 
energy is of the order of 103 ergs, number of accelerated parti- 
cles N ~ 1034 and their average energy E= W,, | ~109 ev. 


S.I. Syrovatskii assumes that the regions of strong com- 
pression and flow of plasma along the line of force can be res- 
ponsible for optical radiation of flares and for the phenomenon 
of loop-shaped protuberances. 
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This model does not explain a number of guestions such 
as subsequent progress of the process, distribution of acceler- 
ated particles according to energies and charges, etc. Never- 
theless, S.I. Syrovatskii's conclusion about the appearance, in 
unstable plasma, of the regions with strong compression and 
at the same time, with high vacuum, which is the cause of gen~ 
eration of fast particles, is very important for understanding a 
number of guestions of magnetic hydrodynamics and physics of 
cosmic rays. 


The problem of the stability of plasma in the region of 
sunspots is considered in a number of works. In particular, 
Sweet [91] analyzes the stability of twisted plasma-tube with 
forceless magnetic field as applicable to the problem of the 
nature of chromospheric flares, Axially-symmetrical forceless | 
field becomes unstable at a particular critical value of the vari- 
able parameter a =a,,;, inthe relation rot H=aH. The prob- 
lem of stabilization of two-axial configuration of the field has 
been studied: with the help of the current layer. In the case of 
finite conductivity of plasma, the surface current layers will 
intersect the asymptotic lines of the magnetic field. Energy 
aspect of dynamic stability of forceless magnetic fields with 
asymptotic lines has been studied for the case of ohmic dissipa- 
tion. The parameter of the forceless field changes due to 
dissipation processes and due to transformation of internal mag - 
netic flux into external "current shell". The energy diagram of 
forceless field is given which facilitates qualitative determina - 
tion of the behavior of the critical value of the parameter a 
at which there appears unstability and annihilation of field, 
determining the energy of chromospheric flare. - 


crit 


Stability of magnetic fields of sunspots is studied theoreti- 
cally in the work of Sakurai [92]. Although, in general, they 
are unstable, solar plasma, surrounding the tubes of force, has 
a Stabilizing effect, In the case of any change in this equilibrium 
in the lower part of the tube of force floating in the chromosphere 
in lower corona, unstability develops rapidly and leads to sudden 
collapse of the field and to rapid compression of the lines of 
force, The plasma in the tubes gets heated while the part of 
plasma with superthermal velocity gets accelerated to the ener - 
gies of cosmic rays and thus, becomes the source of solar cos- 
mic rays and electrons of high energy. Electrons are retained 
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near the flare by magnetic fields and while interacting with the 
fields, they become a source of radio emission of type IV. A 
part of the accelerated electrons which had penetrated into the 
chromosphere, after getting scattered at hydrogen atoms, ions 
and irregularities of magnetic field, pass through the corona 
accompanied by radio outbursts of type III. Braking radiation 
during scatcering of these electrons is identified as outbursts 

of X-ray radiation. Immediately after plasma heating, there 
takes place widening and floatation of magnetic fields beyond 

the limits of the flare region followed by generation of shock 
wave which excites radio outbursts of type II. During the upward 
motion of field along with plasma, an electron cloud is formed 
which acts as flare nimbus and loop-shaped protuberances res - 
ponsible for radio outbursts of type IV,, B. The author empha- 
sizes upon the fact that chromospheric flares as well as accelera- 
tion mechanism of particles are closely related to the unstability 
of the configuration of magnetic fields in the group of sunspots. 


A general physical picture of solar flares, which is re- 
lated to changes in magnetic fields of sunspots is suggested in 
another work of Sakurai [93]. It is mentioned that two fundamen- 
tal processes -- compression and widening of two mutually inter- 
acting magnetic tubes -- form the base of these changes. Two 
phases of a flare corresponding to these processes aré pointed 
out. A list of phenomena associated with each of the phases, 
is given in the article inthe form of atable, It is mentioned 
that the phenomena, corresponding to the compression phase, 
point out the important,role of this process in the generation of 
high-energy particles. The phenomena, accompanying the 
expansion phase, are important for understanding the exit of 
particles and waves, generated during the flare, in the inter- 
planetary space, 


The role of electric fields in accelerating particles 
during flares was studied in detail by Sakurai [94]. 


19. CHARACTERISTIC FEATURES OF THE SPECTRUM 
AND COMPOSITION OF SOLAR PARTICLES AND 
ACCELERATION MECHANISMS 


Flux of solar particles is measured in three proximate 
(or overlapping) energy ranges: 1-50 Mev (riometers, rockets 
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and satellites), 50-500 Mev (balloons, rockets and satellites), 
> 500 Mev (ground-based equipment) (see Chapter I). In order 
‘to analyze the nature of the spectra of solar particles, it is 
important to compare the observation data referring to different 
energy ranges. 


Methods of representing the spectra of solar particles 
were discussed in detail in Section 8. If the spectrum has a 
power form (with respect to energies or rigidities), the following 
characteristic features of the spectra of solar protons are im - 
portant for studying the acceleration mechanisms: 


1) constancy of spectra from flare to flare for energies 
up to a few hundred Mev and increase in the inclination of spec- 
trum at higher energies (A. N. Charakhch'yan [I. 15}); 


2) inclination of differential energy spectrum with a 
break in the region of 20-40 Mev (Biswas et al. [III. 12], Bryant 
et al. [I. 23]); 


3) modification of spectrum with time (Bailey [9 5).); 


4) origin of protons of given energy with increasing angle 
of arrival (Stazeer [96]), 


5) arrival of the most energetic protons earlier than ex- 
pected provided they are accelerated in the chromosphere or 
lower corona. 


In order to interpret these peculiarities of the spectrum, 
Waddell [97] suggested a model of acceleration of protons due 
to shock waves excited in the corona by the heat from the flare. 
The simultaneous solution of relativistic equations of the motion 
of protons and the motion of magnetic field, giving rise to shock 
waves shows that energy of protons can attain a value ranging 
from a few units to a few hundred Mev. As the energy of protons 
increases, the probability of their scattering in front of the 
shock wave also increases. This scattering is naturally dis- 
orderly as a result of which the protons coming out to the surface 
are distributed isotropically. As the energy of shock wave is 
consumed by scattered protons, the wave weakens and dis- 
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appears. Waddell also calculated the time of flight of protons 
through the interplanetary space as a function of heliocentral 
distance, location of flares, energy liberated and:the direction 
of exit to the surface. The results calculated qualitatively agree 
with the observed peculiarities of the spectra of solar protons, 


As far as thé spectra of solar particles with Z 22 are 
concerned, Freier and Webber [III. 6] suggested to use a function 
of the type exp (-R/Rj) for representing them (see Section 8). 
On the other hand, by comparing exponential rigidity spectra 
of protons and nuclei with Z 22, Biswas and Fichtel [IIl. 29] 
showed that, although these spectra have similar form, they 
are not absolutely identical. The condition Rop= Rog in (8. 2) 
is not always satisfied and the error in this conclusion has 
been estimated to be < 0.1%. This estimate as well as the re- 
sults of Section 8 provide a sufficiently solid base to consider 
it to be less probable that some of the simple spectral forms 
given by equations (8.1) and (8. 2) can satisfy the experimental 
data for solar protons as well as for a-particles and medium 
nuclei. It should be mentioned that the dependence of distri- 
bution of solar cosmic rays on the velocity as well as on the 
rigidity of particles does not make it possible to consider this 
conclusion to be final owing to limited modern explanations 
on acceleration and distribution of solar cosmic rays. 


On the basis of experimental data discussed in earlier 
Chapters, it is possible to make certain quantitative estimates 
and draw conclusions about the generation spectrum of solar 
comic rays. 


As shown by L,I. Dorman [1.5] for the February 23, 
1956 flare and by Roederer [98] for a number of other flares, 
two spectral representations (8. 6) and (8.7) apparently corres~- 
pond to two types of acceleration processes in the generation 
region: 


1, Statistical processes of imparting momentum to 
particles trapped in the acceleration region (Fermi mechanism 
in turbulent fields, acceleration by shock or magnetohydrodyna- 
mic waves). These processes, as is well known, distribute 
accelerated particles according to their energies. 
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2. Electromagnetic processes of acceleration due to 
participation of electric fields (for example, betatron effect 
or acceleration in an electrostatic field); this type of processes 
act on particles in accordance with their rigidities. 


For the first type of processes, the total number of 
particles in the generation region is determined from the 
equation: 


de N (e, f 
ING D 2 (NE, \)—-— +q(e,t), (19.1) 
where 7, -average time of accumulation of particles in the 
acceleration region; 
Ve t)- emission function defined by velocity of injection; 
dejdt - velocity of accumulation of energy by a particle 
during acceleration. 


Thus, the first term in the right-hand side of equation 
(19. 1) describes the distribution of accelerated particles, 
second term, their exit from the acceleration region and the 
‘third term, the injection conditions. There exists an upper 
limit for the velocity of injection: 


q(e, f)=0 at ede, (19.2) 


where a is the energy of injection. The rate of acceleration 
for statistical mechanisms similar to Fermi mechanism is 
equal to 


de 
fee Ps (19.3) 


where Tv is the characteristic time of acceleration. 


\ 
If the acceleration stops at time ty and if T.<<t,p, a 
steady state will be attained immediately after the beginning 
of acceleration: dN/dt = 6. The solution of (19.1) in this case 
can be written as 
N (€)= Ke-", (19.4) 


where ¥=(1 + T3/ %) and F 


i 
K=t, f q(e) e(*a!*) de. 
0 
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For the February 23, 1956 flare, it was found that t, 
5-10 min, &; ~ 1Gev, eee ~ 20 Gev, T,~ 500 sec, ex 80 
sec and Yadex of the spectrum y ~7 which agree with the ex- 
perimental data (see Section 2), 


For the betatron process of acceleration in which the 
particles are trapped in the magnetic field increasing exponen- 
tially with time: 


t 
H=Hy,exp (=) , (19.5) 
and in this equation the rate of acceleration is equal to 


aR 
rT, nae (19.6) 


similar computations lead to power rigidity spectrum. 


Let us now consider the process of acceleration by 
an electric field in which the rate of acceleration is defined only 
by the intensity of some average field Eg not depending on the 
rigidity of particles: 


aR = bE,= const. (19.7) 


In this case 


ON (R, t ON (R, t N(R, 6 
OND os — bE, AR NEO G(R. (19.8) 


For the later stage of seieteenies t~to when steady 
state is attained, the solution of eqn. (19.8) will be 


R 
N(R) = per exp (— \| (Ryexp(sa—)dR’. (19.9) 
)=bE, ©XP\— tex, 4 q P\ Eat. a NRY: 
At R >Rj where R; is the maximum injection rigidity, the 


integral in the right-hand side of equation (19.9) is a constant 
and therefore 


N(R)=Kexp (— x) ; (19.10) 


where Ry =b Eo%, and 


442 


SOLAR FLARES AND GENERATION OF COSMIC RAYS 


R 
kaa fottrea(ok)ae 
1 


i.e., an exponential rigidity spectrum similar to the one. suggest- 
ed by Freier and Webber [II. 6] is obtained. According to 

[111.6], R5~ 150 Mv, R,,3y = bEot.~3 Gv and therefore, putting © 
t= 10min and E, =1.6x 10-4 /cm we get the rate of accumu- 
lation of rigidity and the value of 7, as 


bE, =5- 10° v/sec, 


= pe =~ 30 sec. (19.11) 


Frier and Webber [III. 6] put forward a number of views, 
which are given below, in favor of formation of the exponential 
rigidity spectrum on the Sun. 


Obviously, propagation of solar particles plays a signifi- 
cant role in the modification of their spectrum. This role will 
be clear only at that time when a satisfactory model of the inter- 
planetary medium will be formulated, Nevertheless, according 
to Freier and Webber [III. 6], one fact is very clear: the charac- 
teristic rigidity R_ in the exponential spectrum changes with 
time during the flare but the spectrum retains its exponential 
form. Thus, the process of propagation significantly changes 
the value of Ry but does not change the exponential form of the 
spectrum. It facilitates the assumption that the emission spec- 
trum also has an exponential form with characteristic rigidity 
Ro which slightly differs from the one measured at the Earth. 


Recently Stein and Ney [99] studied continuous spectrum 
of electromagnetic radiation of the Sun (from radio waves to 
visible light) during the initial phase of a chromospheric flare. 
It was shown that this radiation is caused by synchrotron radia- 
tion of electrons in solar magnetic fields and its spectrum can 
be explained only on the basis of the exponential rigidity spec- 
trum for electrons with values of Rg near to those obtained for 
protons. 


These results require consideration of the possibility 
that electrons, protons and heavier nuclei have similar exponen- 
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tial rigidity spectra during acceleration in a solar flare. What 

is the pos’sible mechanism of this acceleration? Fermi mecha- 
nism and betatron mechanism are the two most popular methods 
of acceleration. However, as shown above, these mechanisms 
lead to power energy or rigidity spectra of accelerated particles. 
Alfven mechanism which is a very general type of betatron 
acceleration by considering scattering of particles at small- 
scale irregularities of the magnetic field also cannot be eliminat- 
ed, This mechanism must give the spectrum as a power function 
of the momentum of particles, 


Taking into account the difficulties of Fermi mechanism 
and betatron mechanism in explaining the results [III. 6], itis 
appropriate to consider briefly other acceleration mechanisms. 


The fact, that R (rigidity or momentum per unit charge) 
is the independent variable in the exponential spectrum, facili- 
tates the assumption that the potential vector A, which in units 
is equivalent to R, takes part in acceleration process, Electric 
field E acting for a time t on the particle of charge Ze will im- 
part to this particle a momentum per unit charge determined by 
the relation 


t 


t 
fea= [(2)a=t fas. (19.12) 
0 0 0 


under the condition that the particle started accelerating from 
zero velocity. The electric field can be written as 


E=—gradg—+., (19.13) 


There arises the following question: how can an electric 
field of sufficient intensity exist and accelerate particles in 
the region of flares on the Sun? Taking into account the high 
conductivity of solar plasma, it is difficult to think of a way in 
which a three-dimensional charge, sufficient for giving rise 
to a significant electric field, can originate or the induced elec- 
tric field can accomplish work on particles. Many research 
workers, for example, Parker [88] studied these questions in 
great detail. 
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Most of the observers attribute a flare to an accidental 
process which, due to its nature, apparently requires fulfill- 
ment of special conditions (see Ellison et al (27]), Can such 
conditions exist which could eliminate the known problems 
created by the difficulties of existence of electric fields in a 
highly conductive plasma of a solar flare? A number of re- 
search workers give an affirmative answer to this question (see 
Dangey [70]). Under some special magnetic configurations, 
the electric field possibly functions within a relatively small 
volume filled by particles. The total fall of potential in this 
region and the total number of particles, which could have been 
accelerated, do not contradict the modern observational data. 
Conditions for the existence of a discharge are possibly created 
in a way slightly different from that in the case of the special 
configuration of field suggested by Dangey. On the other hand, 
it is necessary to consider the possibility that instantaneous 
acceleration of solar cosmic rays can take place due to arbi- 
trary fluctuations of electric fields in the flare region especially 
if it is taken into account that powerful motions of plasma and 
magnetic fields definitely give rise to the effect of formation 
of a local three-dimensional charge. In order to explain as 
‘to which of these acceleration mechanisms is the main mecha- 
nism, it is necessary to have more detailed data on solar plasma 

and real physical conditions in the flare region. 


After indicating the inadequacy of the modern theories 
of acceleration for explaining the peculiarities of exponential 
spectrum, Freier and Webber arrived at the following conclu- 
sion. The acceleration mechanism, capable of forming above- 
mentioned rigidity spectra for particles with various charge- 
to-mass ratios, apparently function at the source if itis con- 
sidered that electrons, giving rise to synchrotron radiation in 
the flare, have the same characteristic rigidity R, as protons 
and q-particles during acceleration. 


Electric fields of the type (19.11), necessary for expo- 
nential spectrum, can possibly be provided by the acceleration 
mechanism, suggested by S. I. Syrovatskii [90] due to dynamic 
dissipation of the magnetic field. 


As mentioned in Section 8, Freier and Webber [III. 6] 
put forward the hypothesis according to which rigidity spectra 
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can be related to distribution of particles in the plasma ejected 
by solar flares. Spectra of high- and medium -energy protons 
were obtained in [III. 6] by extrapolating the spectrum of plasma 
particles, i.e,, the total spectrum of solar protons includes 
plasma in the low-energy region. However, as shown by Roe- 
derer [98], the mechanism of distribution of solar particles 
according to rigidity imposes limitations on this hypothesis. 


Obviously, in order to draw a final conclusion about 
the nature of processes giving rise to spectrum of solar parti- 
cles, it is necessary to know if the spectrum remains exponen- 
tial up to the processes of modulation in the interplanetary space, 
The results, obtained from diffusion theory (Section 14, 7), 
show that the spectrum of solar protons at the source has the 
form ~ &,~Y at least in the region of nonrelativistic energies 
of 10-500 Mev. 


20, ACCELERATION MECHANISMS 


20.1 Injection mechanisms: The study of acceleration 


mechanisms of solar particles, conducted by L.I, Dorman 
[101,102], shows that, at reasonable values of acceleration 
parameters, injection energy is much more than the average 
thermal energy kT and thus, the fraction of accelerated particles . 
is very low in these cases. By analyzing the condition of injec- 
tion of particles from the medium in-between magnetic mirrors 
or magnetic clouds and the condition of injection for acceleration 
in the magnetic trap, L.I. Dorman [I. 5] showed that solar 
particles must preliminarily gain energy (protens, up to a few 
Mev and electrons -~ up to ~ 10° ev) with the help of some non- 
electromagnetic mechanism. It was concluded that the flux of 
‘injected particles will be sufficient for further acceleration to 
higher energies only if a thermonuclear reaction takes place in 
the flare (see Section 21), 


Recently, liberation of heat of local plasma in the 
region of flares has been taken as the basic injection mechanism 
in a number of works. In the case of such an injection mechani- 
sm, initial composition of accelerated particles must be the 
Same as the composition of solar atmosphere. From the 
assumption that the injected particles belong to the upper "tail" 
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of thermal spectrum, it is most probable that the particles 
participate in the process of basic acceleration in highly 
ionized state [103, 117]. ; 


20.2 Basic acceleration. As mentioned in Section 19, 
acceleration mechanisms, in which accelerated particles are 
considered as external with respect to plasma and in which, 
due to this, participation of injection energy is inevitable, 
include two processes: magnetomechanical and electromagnetic. 


A systematic study of such acceleration mechanisms 
was conducted by Hayakawa et al. [III.54]. Two ways of energy 
transfer -- regular and statistical-- are differentiated in the 
acceleration process. The regular method is usually 
associated with rapid processes; the statistical method is 
important for understanding the energy spectrum of accelerated 
particles. The dynamic consideration of acceleration 
mechanisms is formulated &s the study of motion of a charged 
particle in 4 given external electromagnetic field. 


It was shown that Fermi mechanism of acceleration 
(change in energy ia proportional to the energy of the particle) 
comes into play in every collision in which the particle is 
subjected to kinematic action, It is significant to note that there . 
ig no correlation with the previous motion of the particle and that 
only pure (independent) change in energy is observed during | 
every new collision. Since the Fermi process is associated with 
the change in the longitudinal component of momentum and 
betatron process, with change in the transve rsel component, 
these two cases can exist simultaneous ly under actual conditions. 

The general picture of a¢celeration of charged particles 
is considered in [III. 54] on the basis of the behavior of a parti- < 
cle in electromagnetic fields of special configurations. All the 
studied models of magnetic field have the form of magnetic 
"bottles" with the addition of three -dimensional and time 
irregularities. In these configurations, the motion of a charged 
particle without any limitations is represented by three types: 
rotation about the magnetic line of force, longitudinal 
displacement along it and azimuthal drift along the surface of 
the magnetic "bottle". 
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These types of motion of a particle are unambiguously 
differentiated when the frequency of the imposed magnetic field 
is small as compared to the frequency.of Larmorov precession, 
i.e., when the approximation of guiding center is applicable. 

In this case, change in the energy of a particle in the reference 
system of the observer will be described by the relation 


$=0,+0.+0,—Op (20.1) 


where 


c 2 72 
(e), = c?p? sinta oH 


2H oF 
(2), = i ae of,” 
(e), = Zee HJ, 


©)r=— 5? cos a (HH) V7, 0, FJ) cos @,. 


Here H’ = 2. H{s,t) represents three -dimensional derivative, p 
is the momentum, v is the velocity of the particle, Kis the pitch 
angle and J and w,are the integral of action and phase of 

rotation mspectively, (&)g and (& }q correspona to betatran 
and Fermi processes respectively; (&)y represents the éffect 

of induced acceleration and (E), descr thes the acceleration 
associated with rotation. Average value for “; is used asa 
rough approximation of the theory when the rotation is considered 
to be fast. Inthis case, the last two terms in (20.1) play a 
negligible role and therefore 


(a = = (0), + (p= a2-+ bap, (20.2) 


o(2y/a, o (ele), 


However, since the path of a partiicle in the acceleration region 
significantly depends on tHe rigidity of particle R, the rate of 
acceleration should be expressed as a function of rigidity and not 


of energy: 
aey R+(ZY Met + or. (20.3) 
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Here, as mentioned earlier, the first term on the right-hand 
side explains Fermi acceleration and the second term, betatron 
acceleration. 


The conditions of acceleration of solar particles can be 
formulated in the form 


6\2.,. 
me? < (+) 2kT < Me, (20.4) 
where: M is the mass of the nucleus and mis the mass of an 
electron. It follows from this that Fermi acceleratian is 


effective for nuclei while acceleration of electrons is caused by 
the betatron mechanism. 


One of the authors of [III.54] (Nishimura), with the help 
of this model, explained the composition of solar cosmic rays 
and the observed exponential rigidity spectra: Fermi 
acceleration predominates at the earlier stage of acceleration 
while betatron mechanism plays the leading role at the later 
stage. This model gives a satisfactory explanation to the. 
observed phenomena of acceleration of solar particles. But it 
is very difficult to éxplain acceleration of electrons. The 
reason is that nonrelativistic solution of equation (20.3) in the 
form (Rj is the initial rigidity) 


R= Met (e% —1) — Rye* (20.5) 


after putting in it the values satisfying (20.4), we get E. = 40 kev 
for electrons while energy of electrons is found to be more 

than a few Mev from the observations on radio emission of solar 
flares. In order to overcome this difficulty, Nishimura put 
forward a suggestion that the initial rigidity of particles must 
correspond not to 10° ev as was assumed earlier but to 106 ev 
which corresponds to the electron gas of higher velocities. 
Rapid betatron process at the beginning of the flare is taken as 
the injection mechanism. In this case, effectiveness of accelera- 
tion .will be br v/A,~i0~} sec”! ( A. is the mean free path 

of electron). The injection process takes place either in the 
chromosphere or in the lower corona and therefore, the injected 
electrons can get into the upper corona and lead to radio outbur- 
sts of type IV. Consequently, subsequent acceleration of solar 
particles can take place in the upper corona. 
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As compared to [III. 54], Sakurai [105] obtained a more 
complete equation for acceleration of charged particles in the 
approximation of guiding center, adopted in[III.54]. The 
equation is derived from the motion of charged particles ina 
magnetic field, changing with time and in space. In this case, 
the change in energy for a particle of energy W is represented 
by the form 


ow v al pc? sinta p’c? sin?a 0B 
Bian wee pase ee a fe ae : 
ot (= Jay as Vb Ay- —p- 41981 pop ar 20-8) 


Here B is the intensity of magnetic field B; VW, is the component 
of the velocity of particle parallel to the magnetic field, u is the 
velocity of magnetic field, Iis the unit vector parallel to Pand p 
a&and S represent the momentum, pitch angle and length of the 
arc along the magnetic line of force respectively. The second 
and third terms in the right-hand side of equation (20. 6) 
describe. Fermi acceleration of first order and betatron 
acceleration respectively. The first term in the right-hand 

side of equation (20.6) disappears when the velocity of magnetic 
field does not have a component perpendicular to the lines of 
force, i.e., when 


al 
My op =0, 4, =0. (20.7) 
Thus, the first term of (20.6) describes Fermi acceleration 
of the second order. Ifthe magnetic:lines of force are 
compressed simultaneously in the longitudinal and transversal 
directions, both the mechanisms -~-Fermi acceleration of the 
first and second Orders--can function simultaneously. 


The equation for the average change of energy of 
accelerated particles can be transformed into the equation for 
change of rigidity in the following way: 


OR lv) {a-+6 
aOR, (20.8) 


where a and b are effectiveness of Fermi acceleration of the first 
and second orders respectively. It follows from (20. 8) that in 
the relativistic region, Fermi acceleration depends on A/Z while 
betatron acceleration is defined by rigidity R. It agrees with 

the results obtained by Hayakawa et al. [III. 54]. 
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Induction mechanisms of acceleration of solar particles 
as a result of change in magnetic fields were studied by Korff 
[106]. He showed that, in the case ofa field H~1 gauss, protons 
and other charged particles can accelerate to energies of the 
order of many Mev during a period of a few seconds. If this 
period of acceleration has to be sufficient, the acce leration must 
take place at altitudes of 10* km above the photosphere of the 
Sun. It does not contradict the conclusion made earlier in the 
work of P.E, Koltpakov [107] that regions of chromospheric-cum- 
coronal plasma, situated in boundary regions of the magnetic 
field of the group of sunspots, are more favorable regions for 
acceleration of charged particles by induced electric eddy fields. 


From the point of view of the possibility of explaining the 
charge and energy spectra of solar cosmic rays as well as for a 
more complete description of physical processes observed during 
solar flares, mechanisms of acceleration of solar particles by 
shock waves in solar plasma are of greatinterest. These waves 
are caused by turbulences in flares and by subsequent emission 
of fast modifications of hydromagnetic waves, which, as shown 
by Kiepenheuer [108], become sharper when they get into the . 
corona. 


One such mechanisms Of the first order was suggested 
by Schatzman [109]. According to his model, solar particles 
are accelerated by perpendicular hydromagnetic waves where 
magnetic field intensifies transverse to the shock front. Let us 
consider the case when charged particles have superthermal 
velocities and consequently, when losses at collisions can be 
neglected to first approximation. In the coordinate system 
moving with the matter, such a particle rotates in the magnetic 
field. Intercepting the shock front, the particle, which rotated 
be fore the front, is subjected to acceleration, rotates in the 
medium behind the front, intersects the shock front, again gets 
accelerated and so on. This effect is possible only if the magnetic 
field before and at the back of the front is irregular. In this case, 
as shown by Parker [110], grouping of magnetic fields leads to 
a stochastic process necessary for movement of some particles 
along with the shock front. Asa result, only a part of them 
remains behind the front with an energy increased by as many 
times as the difference between the magnetic fields before and 
behind the front. 
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The energy acquired by a particle after covering a distance 
L along with the shock wave is determined from the relation 


@ =e? + (= mBL)'|". (20.9) 


where & is the potential energy of.a particle, B is the magnetic 
field and + is the amplitude of the shock wave: . 


a= ooh, (20.10) 
Po 
where 9, and §,are the densities of the cegmats be fore and behind 
the front respectively. At L =10% cm, = 50 gauss and 


%=10-1, we get €= 1.19x10!1 ey fora ee The s hape of 
the energy spectrum of accelerated particles is given inthe form 


D(e)~ exp(—efkT)), (20.11) 


where Tj is the hypothetical temperature determined by the 
parameters of the shock wave. By comparing the obtained 
conclusions with the measured data, Schatzman concludes that 
the hypothetical temperature varies from event to event. 
Nuclear composition of accelerated particles (only protons and 
K- particles are considered) also finds a satisfactory-. 
explanation on assuming that the relative probability of acceler - 
ation of &-particles, as compared to the probability of 
acceleration of protons, is 4 direct function of the amplitude 

of shock wave (20.10). 


The theory of acceleration of solar particles by 
hydromagnetic shock waves was worked out by Wentzel [ III] 
in a well-formulated way. Fermi mechanism of the first order 
was suggested in which chains of shock waves move across 
each other with equal amplitudes and with sufficiently smooth 
structure and then, the magnetic moment of an accelerated 
particle remains constant evrywhere excepting in those regions 
of shock points which are considered to be thin as compared 
to the Larmorovy radius of particles. Colliding with such a 
front, the particles undergo arbitrary accelerating reflections 
but never get retarded. Obviously, the obseryed form of two 
parallel threads will be the most-favorable geometry of ftare 
_for such an acceleration model. 
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4Aesumption about the constancy of magnetic moment of 
particles outside the shock fronts requires minimum values of the 
radius of rotation and rigidity; therefore, the number of 
particles, injected in the acceleration region with the radius of 
rotation sufficient for acceleration, depends on the ZYM ratio. 
In this way, the injection conditions explain the variations of 
p/x ratio for different events at a constant (within the limits 
of uncertainty) ratio of other components of solar cosmic rays. 


During such a mechanism, the momentum Of a particle 
increases and the increase follows the exponential law as is 
obvious from the relation 


d 


Here tgsh is the time of existence of the particle being accelerted 
before the shock front andv.is the total number of reflections 
accelerating the particle. It is easy to see that equation (20.12) 
is applicable to nonrelativistic as well as to relativistic energies. 


The acceleration spectrum was obtained in [111] by 
solving the continuity equation for particles leaving the 
acceleration region and under the condition that the solution is 
not modified by propagation through solar and interplanetary 
fields. Here, it was shown that this mechanism can give rise 
to a number of different spectra [de pending upon the form of 
(20.12)] out of which following are the simplest ones: 


Do (p) ~ e- Pls, 
Do (p)= p- =e 
Do (e) ~ e-&, (20.13) 


1 

Do (e)~e 2 @, 
where Pp, ,t, Gand e¢are constants. Spectra for a number of 
flares of solar cosmic rays have been explained in [111] with 
the help of equation (20.13). -Difficulty of the suggested medel, 
first of all, lies in the estimation of the duration of emis:‘on 
of solar particles from the acceleration region which defines 
the nature of spectra (20.13). It should however be menzioned ~’ 
that similar difficulties also arise in many other acceleration 
mechanisms mentioned earlier. 
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In our opinion, the study of acceleration of cosmic rays 
by high-frequency turbulency of unsteady plasma (for example, 
by plasma waves as well as by transverse waves into which the 
plasma waves get transformed) is very perspective. This 
question has been considered in a number of works of V.N. 
Tsytovich [112-114]. 


The high-frequency turbulency corresponds to the 
minimum possible scale of turbulency in plasma, Therefore, 
the particle experiences maximum number of collisions with 
waves during acceleration as a result of which the acceleration 
by auch a mechanism can be much more effective than 
acceleration by hydrodynamic turbulency. 


As far as mechanisms of generation of high-frequency 
turbulency of plasma are concerned, there exists a number of 
possibilities one of which is the generation of high-frequency 
turbulency by accelerated particles themselves. In the presence 
of intense vibrations in plasma, i.e., in the nonlinear approxi- 
mation, there is a possibility of swinging of longitudinal vibra- 
tions by cosmic rays. Another possibility of nonlinear genera - 
tion of plasma waves is realized in the presence of transverse 
waves in plasma: it is caused by the effect of indueed scattering 
of transverse waves at the accelerated particles by transforming 
into longitudinal waves. The process of acceleration of charged 
particles by high-frequency turbulency, in the general case, can 
be described by diffusion equation [113] 


Fp 9 7» Wp 
Fay Pua (20.14) 
D,, = { 0,(k) Nye, dk. 


Here fp is the distribution function of particles being accelerated, 
nt is the number of waves and p(k) is the probability of wave 
radiation by a particle. The change in the average energy of a 
particle being accelerated for isotropic turbulency is obtained 

as 


fame & (1- J) j Zea), oO” 
\ 


454 


SOLAR FLARES AND GENERATION OF COSMIC RAYS 


where v is the velocity of the particle, %.» is the plasma 
frequency, Wé = Swe dh is the density of energy of turbulency 

and Yg=“e/ikl is the phase velocity of plasma waves. From 

(20.15) follows the general conclusion that, at a given density 

of energy of turbulency of plasma waves, the higher the phase 
velocity of plasma waves, the more effective will be the accelera - 
tion. For the partial case »>Vg@,change in the energy of the 
particle being accelerated was obtained in [112] as 


de ot, (me é cf. ¥ | bade 
where 
me? 2nvg “a 


esa SS ,, =e, f= _— 
Vi—v%et m= OV net 


eye is the energy of plasma waves in 1 cm~3 


The expression (20.16) almost does not depend on Vg. 


Therefore. the mechanism of acceleration by plasma waves is 
practically uninjected, i.e., correctly speaking, injection is 


defined by a self-regulating process: waves, having high a) ; 
get accelerated more intensly and damp quickly. There remain 
the waves with v<< v (v., is the average thermal velocity of « 
electrons), These waves will accelerate particles with v>v 
and therefore, plasma waves Change whole of the "tail® of initial 
distribution of particles being accelerated, 


If the density of the energy of plasma waves is evaluated 
according to (112]as 


, ~ 104-109 ev/cm3, vp ~3.10! cm/sec 


“% ~.3.108 cm/sec, Ao~ 3.104 105 cm, 
then 


Sm (107? + 1077)  ferg/sec] (20.17) 


For Fermi ae a similar estimate gives 


a = =~ 107%. <r [erg/sec] (20.18) 


455 


L.1. DORMAN AND L.1, MIROSHNICHENKO 


It follows from the comparison of (20.17) and (Z0,18) that the 
acceleration by plasma waves is more effective than Fermi 
acceleration of the first order right up to € = (0.5-1, 5)x10!1 ev 
{for electrons). 


The mechanism of acceleration of particles due to dynamic 
dissipation of magnetic field, suggested by S.I. Syrovatskii [90], 
is at the same time an extremely suitable mechanism of plasma 
turbulization; obviously, specific applications of this mechanism 
require the analysis of the role of turbulent processes in genera - 
tion of particles. 


Let us mention some quantitative estimates. The parti- 
cles, external with respect to plasma, will experience acclera- . 
tion due to electric field and retardation due to collisions with 
plasma particles. For fast particles, there is a possibility of 
such a situation when acceleration predominates over retardation 
i.e., the particles "run-away®. Critical value of the electric 
field is determined from the condition at which Ohm's law is 
applicable to plasma since, when E >Ecr, the "running-away® °° 
particles start losing energy for generation of high-frequency 
turbulency in plasma and it changes Ohm'*s law: conduetivity is 
determined not from collisions with plasma particles but from 
Collisions with plasma waves. 


Therefore, 
j xp — OEcr 1 (20.19) 
and since 
j= _oth={4, (20.20) 


where H/e is the gradient of magnetic field observed during a 
flare, then at 


fen = 4nen( 25)" (20.21) 


ASM 
d e me? 


> 


particles may get accelerated by high-frequency turbulency in 
which case heavy multicharge ions are accelerated more effec - 
tively than light ions, 
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It is highly probable that the condition (20,21) explains 
unusual increase in the intensity of heavy nuclei recorded in the 
experiments of L.V. Kurnosova et al. (see Section 9). 


The condition of dynamic dissipation accompanying 
®run-away® of particles was found by S.I. Syrovatskii [90] in 
the form 


Al ‘ 
Eo jpgeh-9 87-28 > akg (3 ex} (20.22) 


Here rg is the distance at which Alfven velocity becomes equal 

te the velocity of sound for the case of k currents of same density 
giving rise to neutral line; @ and 8 are constants in the expression 
for the potential of displacement currents in the region of neutral 

line. 


From this point of view, a more rigid condition of dissi- 
pation, at which all plasma particles start accelerating, is 
realized at higher potentials of the field when the magnetic field 
does not freeze into plasma: 


#H 44, 4 - 
> berg yee. (20.23) 


This condition apparently means acceleration of particles to 
relativistic velocities. 


Plasma unstabilities in chromospheric flares were studied 
by Ya. I, Kolesnichenko and A.K. Yukhimuk [115]. By studying 
the stability of longitudinal vibrations of plasma during flares in 
the case of thermonuclear reactions taking place in them, the 
authors [115] showed that the plasma in a flare becomes unstable 
when the density of the products of thermonuclear reactions 
crosses the critical value, Duration of development of unsta bility 
is significantly less than the characteristic relaxation time. This 
unstability leads to generation of cosmic rays at the concluding 
stage of a flare. 


M.A, Gintsburg [116] put forward a mechanism of accelera- 
tion of electrons and ions in nonlinear magnetohydrodynamic 
currents, i,e., isolated pulses of magnetic field and plasma 
(the so-called solitones recently obtained even under laboratory 
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conditions), Electrical eddy field, arising due to rapid changes 
in magnetic field (rot E = - + ®H/at ) is the physical cause of 
acceleration. 


Important estimates on the number of particles being 
accelerated in an ionized gas under different acceleration mecha - 
nisms were obtained by A.V. Gurevich [117]. 


Recently, B.A. Tverskoi [182] studied scattering, diffusion 
and acceleration of nonrelativistic charged particles in turbulent 
plasma by assuming that turbulence is hydromagnetic and its 
Characteristic dimension is much more than Larmorov radii of 
particles being accelerated, It was shown that, if fluctuation 
spectrum is dh*/df ~ t’, scattering at all values of y is caused 
by cyclotron resonance. Acceleration of particles at y > 2 is 
defined by Fermi mechanism while at y <2, Fermi mechanism 
as well as cyclotron resonance play a significant role. In un- 
limited plasma, acceleration leads to an increase in the internal 
dimension of turbulence and to a corresponding reduction in the 
number of resonance particles being accelerated, In the limited 
plasma, a steady distribution is established and dissipation of the 
ener gy of turbulence is caused by diffusion of most energetic 
particles from the turbulent region. In [182], the effects of 
turbulent diffusion and acceleration of particles in the inter - 
Planetary medium have been studied, equilibrium spectrum of 
hydromagnetic fluctuations dh2/df~£-2 has been obtained on the 
basis of experimental data, diffusion coefficient and spectra of 
accelerated particles in the energy range of 1072-102 Mev have 
been Calculated and the relation between the rate of dissipation 
of turbulent energy and parameters of fluctuation spectrum has 
been studied. On the basis of results [182], it is apparently 
possible to explain the effects of increases in the flux of low- 
energy protons usually observed simultaneously with the 
commencement of a geomagnetic storm ({i.e., at the time of 
arrival of disturbed plasma to the Earth) (see Section 10, 5). 


A.K. Yukhimuk and M, Kh, Kats* studied the possibility 
of acceleration of charged particles during their scattering at 
electromagnetic fluctuations of interplanetary plasma. It is 
known that the higher the degree of fluctuations in plasma, the 


« ‘ . 
Personal communication. 
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higher will be the rate of change of energy of a particle moving 
in turbulent plasma. It was shown that the change in the energy 
of a particle is maximum at v cos9,~Ue where v is the velocity 
of the particle, ug is the velocity of plasma electrons and @Q, is 
the angle between the directions of v andu,. It was found in this 
case that if Alfven velocity v,<<¢the effect of magnetic field | 
on the change in the energy of a moving particle can be neglected. 
This work mainly differs from [182] in the fact that the nature 

of spectral distribution of fluctuations facilitates the study of 
interaction of charged particles with turbulent plasma in general 
without introducing detailed properties of the spectrum of tur- 
bulence while in [182], a study of similar problems required 
detailed knowledge of the spectrum of turbulent fluctuations of 
plasma. The interaction of charged particles with turbulent 
plasma in the presence of radiation was studied in [112-114]. 
Significant acceleration of ions is the main hindrance in such an 
approach, Uncertainty of selection of the parameter b = Kg! 
(kg is the maximum value of wave vector), providing divergence 
of the expression for the change in the energy of a particle, is 
the main drawback of the work of A.K. Yukhimuk and M, Kh. 
Kats, 


Recently V. Ya. Davydovskii and E.M. Yakushev [186] 
studied the mechanism of acceleration of particles by electro- 
magnetic waves of variable propagation velocity. The accelera- 
tion takes place due to an increase in the velocity vy, of magnetic 
trap (wave) in the laboratory system of reference (longitudinal 
velocity of the particle vy =v)4). The accelerating traps can be 
caused by electromagnetic waves in plasma, Concentration of 
which changes slowly along the direction of propagation, Initial 
and final energy of the particle being accelerated &; and €,, 
are related to corresponding values of concentration nj and n¢ 
by the relation €4/&, = (w/ny ), 


On the Sun in the region of chromospheric flares, nj = 109 
cm ~ while in the upper corona ng = 109 cm -3 as a result of 
which €, =10!9-10!1 ev which does not contradict obser vations. 


As shown in [186], whole of the wave energy is, in some 
Cases, transferred to trapped particles, i.e., sometimes, the 
sources of cosmic rays where this meChanism functions, may 
not emit electromagnetic radiation responsible for acceleration 
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of particles. Moreover, since acceleration depends on the 
velocity of the particle (and not on energy), mainly heavy nuclei 
will be accelerated. 


21. NUCLEAR PROCESSES IN CHROMOSPHERIC FLARES 


Most of the present theories of the processes, taking place 
in chromospheric flares, assume the existence of a high- 
temperature zone in the flare where solar plasma, in principle, 
can.get heated to thermonuclear temperatures ~ 10'°K, The 
possibility of some thermonuclear reactions in these high- 
temperature zones was, for the first time, pointed out by A. B. 
Severnyi and V.P. Shabanskii [78]. 


Reactions of the synthesis of deuterium ,D° Can proceed 
in two ways: 


(21.1) 


An energy of 3.25 Mev and 4,0 Mev respectively is 
liberated during these reactions, There takes place a secondary 
reaction between deuterium and tritium 


D+T—He-+a, (21.2) 


during which an energy of 17. 6 Mev is liberated, The reaction 
(21.2) has resonance nature and its extent is more than that of 
the reaction (21.2), 


The yield of DD-reaction was evaluated by A.B. Severnyi 
and V.P, Shabanskii [78]: 


tP = 1,25 x 10° particle/cm?>. (21.3) 


Here t %10° sec is the time of reaction and P is the number of 
thermonuclear reactions taking place in 1 cm? during 1 sec. 
The last parameter is determined from the relation 

2 

ap — 


P = i UO, (21 A) 
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where Fr is the product of the relative velocity of nuclei with 
the effective size of the reaction averaged for the Maxwell distri- 
bution of velocities and “yp is the concentration of deuterium 
nuclei in plasma taken equal to 10-5 my (“y is the Concentra - 
tion of hydrogen nuclei). 


If the estimate (21. 4) is correct, then during the whole 
the process, DD-reaction in flare region can, inthe case ofa 
strong flare, give rise to 1034-103 particles. 


_B.M. Vladimirskii and A.B. Severnyi [118] confirm that 
practically all neutrons, formed due to DD-reaction following 
the first channel of (12.1), are captured by H (n, y)D-hydrogen 
and therefore, they get time to retard to an energy of the order 
of a few Mev before leaving the flare region. Here, the size 
of this region is assumed to be equal to ~ 10’ cm. 


In this case, deuterium burns up only along the second 
channel of reaction (21.1) in which deuterium does not get 
reduced by the protons accelerated in the reaction since all the 
protons lose their energy before receiving it from neutrons 
participating in the (p, n) reaction. 


The two processes -- Capture of protons by hydrogen and 
formation of deuterons as a result of nuclear fission of nuclei 
of the oxygen group by protons with Ey~ 108 ev -- are the 
main processes leading to formation of deuterium nuclei in the 
solar atmosphere. It has been shown that effectiveness of these 
processes is not sufficiently high as compared to the rate of 
burning-~up of deuterium in thermonuclear reactions, 


Other possible reactions, taking place in light nuclei at 
a temperature of about 3x10? °K (Table 21.1), were studied in 
[118] on the basis of the following relation for a number of 
nonresonance thermonuclear reactions in a unit volume per sec: 


P= 434pXS,(AZ,Z,)""'7e-*, (21.5) 
t= 42,5 [(Z,Z," A] 7-*, 
where $  - density of the medium taken approximately 


equal to 10 4 om 
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%  - weight concentration of bombarding nuclei; 
A= AlA2 - reduced mass in atomic units; 

S, - constant expressed in ev. barn; 

T - temperature in the, units 10°°K; 


Z) and Z,. - charges of the naclei. 


The possible time of burning-up of Li in this type of 
reactions was found to be ~ 1910 years. However, as assumed 
earlier by 1.G. Shklovskii {119], Linuclei are simultaneously 
formed furing nuclear fission and this process is more effective. 


It was concluded in [118] that the above-mentioned process - 
es must lead to burning-up of D and accuumulation of Li, Be and 
B in the solar atmosphere as a result of flare activity. However, 
the existing data on the abundance of light nuclei in solar cosmic 
rays do not confirm this conclusion. 


Let us now consider recent experimental data on-the 
abundance of hydrogen and helium isotopes in solar cosmic rays 
which can take part in thermonuclear reactions taking place in 
chromospheric flares. 


Tilles et al. [I0. 31] mentioned the detection of a significant 
amount of T in the casing of "Discoverer-17" satellite after the 
November 12, 1960 flare. It was established that the observed 
T/p ratio for energies more than 30 Mev/nucleon is of the order 
of (14)x10°3. This value of T is undoubtedly more than that which 
could be caused by local nuclear interactions. It was later shown 
that 80% of the tritons observed in "Discoverer-17" casing were 
Secondary and therefore, the actual value of the T/p ratio must 
be < 10-7. It corresponds to Biswas's results [I. 57] who found 
that T/p < 10-3 in the range of 20-45 Mev/nucleon. 


As a result of balloon measurements on the value of T by 
nuclear emulsion method during the July 18, 1961] flare, Wadding- 
ton and Freier [I, 28] evaluated the upper limit of the T/p ratio 
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as 0, 6xl0-3 for £ > 50 Me v/nucleon and explained the difference 
between this result and the data of "Discoverer-17* by the effect 
of the change in the composition of solar particles for different 
flares. They suggested that such an effect, observed for a/p 
Tatio in many experiments, must also exist for D/p ratio (since, 
from the point of view of rigidities, deuterons do not differ from 
a-particles) and for T/p ratio (since magnetic field has a weaker 
effect on T than on a-particles), 


The relative abundance of D, found in [I. 28], was D/p 
<1. 4x10% at a constant rigidity and D/p < 1. 4x107> for energies 
>.69 Mev/nucleon, The expression for the change in Tp ratio 
above a particular energy per nucleon is given in [I. 28] in the 
form 


Pop (©) =F, (R) exp Es (2- Z| . (21.6) 
where 4 
n= (e (e+ 2m,c?)}"?. 


It is obvious from (21, 6) that Mop ( €) increases with 
time by more than 10 times in the range 0-100 Mev; therefore, 
it is difficult to compare the values obtained in different expe ri - 
ments, 


Much less is known about the abundance of helium isotopes 
in cosmic rays. During the radiochemical study of the material 
of the casing of "Discoverer -17® satellite, Schaeffer and Zahrin- 
ger [I. 56] found relatively large amount of helium nuclei: He?/ 
He *# (>E)~0,2. These observations are difficult to interpret 
due to the necessity of introducing corrections for the eastern 
effects. The authors [I. 56] however confirm that the ratio 
obtained by them corresponds to the actual ratio with an accuracy 
up to the multiplication factor 3, 


Recently Biswas and Fichtel [III. 37] showed that the 
amount of He in the experiment [I, 56] corresponds to flux 
which is 10 times the total flux of all helium nuclei ice., 4x10? 
em~4 sec™!, in energy range 40-105 Mev/nucleon. Authors 
(III. 37] cite convincing arguments in favor of the fact that the 
actual value of the He?/He4 ratio is < 1072, 
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Regardless of the above differences in the abundance of 
He isotopes in solar cosmic rays, it can be confirmed that 
equilibrium abundance of tritium in solar atmosphere, just like 
that of helium isotopes, must be much less than the value 
obtained in above-described experiments. 


It can be assumed that these elements are the products 
of fragmentation of a-particles and heavy nuclei appearing during 
nuclear interactions at the time of thelr propagation through the 
solar atmosphere. If the hypothesis of preferred acceleration 
of heavy nuclei is not taken into consideration, the low value of 
H/a ratio (~2%) compels us to disregard the products of frag - 
mentation of heavy nuclei. The amount of matter which a-parti- 
cles must cover to get the ratio T/p( >& )~ 4x10-3 is equal to 
1.3 g/cm2 (8x1043 atom/cm%) according to the estimates of 
Biswas and Fichtel [LII, 37] and about 10 g/cm@ according to the 
data of Fireman [120]. These values are not in agreement with 
those required for explaining the actual absence of light nuclei 
in solar cosmic rays (~ 0.1-0.2 g/cm). It is clear that in the 
Case of such an approach, the theory of fragmentation cannot 
explain the observed amounts of tritium and helium isotopes. 


Fireman [120] suggested that the observed D, T and He 3 
nuclei are the products of quasithermonuclear reactions, taking 
place in the solar atmosphere near the flare zone. Reaction 
H! (a, D) He injecting deuterium and reaction H} (a, T) H1 giving 
rise to tritium are mentioned as anexample. Calculations 
given in |120] show that in the case of these reactions, it can be 
expected that D/p (>30 Mev/nucleon) ~1 07% and T/p (>30 Mev/ 
nucleon) = 4x10°3. From this, we get the ratio D/p ( >69 Mev/ 
nucleon) ~5x10~3 which slightly differs from the corresponding 
experimental value of 1. 4x10~3 [I. 28], This difference can 
however be explained by taking into account the difference 
between flares. As confirmed in [120], these reactions can take 
place in the region of flares where the initial density is sufficient 
to stop the acceleration of a-particles and heavy nuclei but where 
protons can get accelerated so as to participate in nuclear inter - 
actions. Further the density of these regions reduces with time 
as a result of which additional acceleration of the products of 
these reactions becomes possible, 
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Thus, in spite of certain complications, the study of thermo- 
nuclear reactions in the regions of chromospheric flares Can be 
very useful for explaining the composition of solar cosmic rays 
and for formulating a theory of acceleration of particles on the 
Sun, 


22. ELECTRON COMPONENT OF SOLAR COSMIC RAYS 


22.1 Experimental data on solar electrons, The discovery 
of primary electrons in cosmic rays by Meyer and Vogt [121] and 


by Earl [122] has given rise to the question of their origin: as to 
whether they are solar or galactin. The study of variations in 
the intensity of electrons can play an important role in solving 
this problem, 


Fig. 22.1 shows the results of balloon measurements 
obtained by Meyer and Vogt [121] on August 22 and September 8 
and 15, 1960 for proton beams with R = 370-890 Mv and for 
primary electron beams with R = 100-1000 Mev. Data of conti- 
nuous recording of the intensity of neutron component at Deep 
River (at the sea level) have also been given in the same Fig. 


Protons 


.@ 
c 
°o 
hk 
o 
e 
2 

— 
a 


I,m72,, sec"!, sterad~) 


750s: , 
OHh2EDITNKb HBA 


Aug. 1960 Sep. 1960 


Fig. 22.1. Cosmic -ray variations in August-September, 1960: 


1 - counting vate of neutron monitor at Deep River (left scale); 
2 - intensity of primary electrons with R = 100-1000 Mv over 
Churchill; 3 - intensity of protons with R = 370-890 Mv over 
Churchill: 
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The measurements of September 8, 1960 were conducted 
during the Forbush effect 5 days after the powerful September 3, 
1960 solar flare. It may be seen from Fig. 22,1 that while the 
flux of protons on 8 September increased significantly (due to 
arrival of particles from the solar flare}*, the flux of electrons 
decreased by 40%. It means that the primary electrons have the 
Same origin as galactic protons and the modulation mechanism, 
leading to Forbush reduction, has the same effect on them. 


Observations on the variations in electron flux during solar 
flares can give an unambiguous answer to the question of the 
origin of electrons. From this point of view, results of Meyer 
and Vogt [123] are of great significance. They showed that a 
Significant flux of electrons was observed on July 22, 1961 in the 
stratosphere over Churchill. 


Data for the quiet day of August 2, 1961 are also given 
in [123] where, according to the data of neutron monitors, 
significant chromospheric flares and outbursts were not 
observed. Conversion from absorption curve (on the basis of 
the difference in July 22 and August 2, 1961 curves) to the energy 
spectrum gives the dependence dN/dé, = 2x104 &,-2m “2sec"] 
sterad !Mev~! (Fig. 22.2) for the flux of solar electrons. 


This increase is most probably related to chromospheric 
flares of class 3+ which were observed on July 18 and 20, 1961 
and were accompanied by an increase in the intensity of neutron 
component on the Earth's surface, It should be mentioned that 
the class 3 flare observed on July 21, 1961 did not lead to any 
outburst in the stratosphere or on the Earth's surface and 
therefore, this increage in the flux of electrons is apparently 
not associated with this flare. 


Let us study the results of other measurements taken 
after 1961. 


During the balloon measurements on July 28, 1963 over 
Churchill, Freier and Waddington [126] also detected some 
amount of electrons but their intensity is in agreement with the 


* According to [121 I, if the effect of flare is eliminated, the flux of galactic 
protons during this period decreases by 9%. 
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Fig. 22.2. Differential energy spectrum of electrons from a solar flare 
according to July 22, 1961 observations. Dotted lines are obtain- 
ed after introducing corrections for the possible role of protons 
interacting in lead and over it, 

results obtained earlier by other authors. The problem of 

considering secondary electrons in atmosphere was apparently 

not solved, Without introducing the corrections for formation 
of secondary electrons, the total intensity of electrons in the 
energy range 0.13S€<5 Gev at a depth of 2g, cm™ in the 
atmosphere was found to be equal to 63426 m~4 sec~], sterad~!, 


During 1964-1966, Anderson and Lin [127], with the heip 

of 9IMP-1" and "IMP-3® satellites, recorded 10 events of the 
appearance of electron beams with €,> 40 kev in the interplanetary 
space (Table 22.1). Seven of these events are Characterized by 
rapid increase in the flux during 15 to 30 mintues and by sub- 
sequent slow decrease during several hours. The maximum 


intensity of electrons in some Cases varied between 1-1000 cm~2 
sec™l, sterad-! < 


Out of the ten events recorded, six were associated with 
small chromospheric flares of class 1~, 1 and 1*, One of these 
events was accompanied by intense absorption of radio noises 
while the Corresponding solar flare was situated near the central 
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meridian. The remaining five events were associated with 
flares situated far-off. towards west of the central meridian. | 
Average location of flares corresponded to 62°W which is very 
close to the expected location if the electrons propagate along 
the spiral lines of the interplanetary field, 


A strong initial anisotropy was observed in all the cases 
while in some of them, the anisotropy lasted for at least 15 hours, 
These observations show that the electrons, moving from the 
Sun:to the ‘Barth, are related to the lines of forces of the inter- 
Planetary magnetic field, Flux of electrons usually increased 
during 0.5-1 hour and slowly decreased during 1-2 days. The 
events observed 6 hours after the commencement of the outburst 
cannot be described by Krimigis diffusion model [IV. 28]. 


The tin.e of propagation of electrons from the Sun to the 
Earth is small -- in all about 20-40 minutes. This fact is 
against effective scattering and diffusion of electrons in the 
interplanetary space. Some events, associated with flares on 
the east of the central meridian, were also observed, Simul - 
taneously, powerful radio zones, which are possibly caused by 
diffusion and accumulation of electrons in the solar atmresphere, 
were observed in the western hemisphere of the Sun at a fre- 
quency of 169 MHz, 


Table 22.1 also shows five events of increases in the flux 
of electrons which were observed by Lin and Anderson [183] on 
"IMP -3® in the tail of magnetosphere at distances of 5-20 rp. 
The time of propagation of electrons in these cases also was 
20-40 minutes, The observed anisotropy of these beams is in 
agreement with the motion of electrons from the tail inside the 
magnetosphere to the Earth, i.e., lines of force of the geomag- 
netic tail are apparentely associated with the lines of force of 
the interplanetary field. At the maximum energy of electrons 
equal to 150 kev, the maximum length of the tail of magneto- 
Sphere will be equal to 0,25 a.u. 


On the basis of these observations, Anderson and Lin 
arrive at the following conclusions: _ 


1. Many small flares emit a large amount of electrons 
in the interplanetary space. 
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2. The region of propagation of electrons in the inter- 
planetary space is limited by a curved conical surface of half 
aperature angle from 15 to 20° and the axis of this cone is curved 
in the same way as the lines of force of the interplanetary field. 


3. The beam within this cone is anisotropic from where 
it follows that the simple isotropic model of diffusion cannot be 
used for explaining migration of electrons in the interplanetary 
space. 


4, In order to explain the presence of electrons, caused 
by flares near the central meridian, on the Earth, it is necessary 
to assume that the electrons migrate in the solar atmosphere. 


Three events of impulse emission of solar electrons with 

~ 40 kev which were recorded with certainty are analyzed in 
PL aire in the work of Van Allen and Krimigis [128]. The observa- 
tions were taken with the help of the equipment installed on the . 
spaceship “Mariner-4" which moved towards the Mars. The 
energy threshold of the equipment was about 40 kev for electrons, 
At the time of measurements, “Mariner 4" was situated in the 
interplanetary space at a large distance from every planet of 
the solar system. 


Increases in the flux of electrons were observed on May 
25-28, June 5-7 and June 13-14, 1965, Fig. 22.3 shows the 
time variation of the counting rate of electrons on June 13-14, 
1965 for detectors of energy thresholds Zz 45 kev (1) and 
3 40 kev (2) as compared te readings of detector 3 which 
practically did not record electrons and was sensitive only to 
protons with &€, 20,5-11 Mev. These results were obtained 
without considering the background, The intensity of electrons 
before the commencement of outburst is shown by dotted lines. 


It may be seen from Fig. 22.3 that the recorded outbursts 
were Caused byelectrons having ¢), > 40 kev and a sharply 
falling spectrum. The maximum values of the intensity of 
electrons on May 25,28, June 5-7 and June 13-14, 1965 were 
equal to 80, 58 and 5 cm~@ sec™! sterad7 respectively while the 
angular distribution was more or less isotropic. 
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June 1965 


Fig. 22. 3. Increase in the flux of solar electrons with = 40 kev on June 
13-14, 1965. Counting rate before ihe flare is shown &y dotted 
lines. 


Based on the analysis of data on solar activity and geo- 
physical effects during measurements, the authors [128] arrive 
at the conclusion that the increases in the intensity of electrons 
were apparently caused by their impulse emission from the 
‘Sun's atmosphere almost at the same time when outbursts of 
radio emission and X-rays were observed. 


On the basis of diffusion model of propagation of electrons 
with &), 740 kev, it is possible to estimate their total number 
at the time of emission. These estimates give about 1034 
electrons for May 25 and June 5 events and 1033 electrons for 
the June 13 event. The problem of propagation of electrons — 
is considered in detail in Section 22.2, 


Thus, measurements of Van Allen and Krimigis [128] 
confirmed the earlier assumption about the emission of electrons 
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of nonthermal energies by the Sun. These electrons Can serve 
aS a new means for studying the structure of the interplanetary 
magnetic field and psysics of solar flares, 


Simultaneously with the increase in the flux of solar 
protons, small increases in the flux of electrons of energy of 
the order of tens of kev at the threshold sensitivity of equipment 
were also recorded by Arnoldy et al, [IV.9] on *Pioneer -5" 
during the end of March and the beginning of April 1960. 


It is reported in the work of Arnoldy et al. [129] that 
simultaneously with the increase in radio noises on June 5, 1965, 
the ionization chamber "CGA-A" recorded an outburst of X-ray 
radiation. Within an hour after the flare, counting rate of the 
ionization chamber increased by 13%. At this time, the satellite 
was situated beyond the magnetosphere ata distance of 140,000 
km from the Earth. A comparison with the results of observa- 
tions on electrons from the same flare by Geiger counters on 
®Mariner-4® showed that the increase in counting rate is appa- 
rently caused by electrons having €,7 600 kev. The maximum 
flux of these electrons recorded on 8OGO-A® is of the order of 
1.3 cm~# sec-1, The flux of electrons with €, > 600 kev ata 
distance of 1.5 a,u. from the Sun was found equal to 0.42 cm-2 
sec °“. On Comparing these data with the observation results 
of “Mariner-4% for electrons with &, % 40 kev, the author 
[120] obtained the extrapolated spectrum of electrons ata dis- 
tance of 1.5 a.u, in the form1( >&,)~ e477 


Other measurements on electrons, not related to solar 
wind, were made in the range of energies move than a few Mev 
(for example, in the above-mentioned work of Meyer and Vogt 
[124], solar electrons were measured with the help of balloons 
in the range &, = 100-1000 Mev during July 22 and August 1, 
1961 flares). 


Interplanetary electrons with E.. = 3-12 Mev were 
studied in detail by Cline et al. [130] with the help of 9IMP-1"% 
("Explorer -18*) satellite during the period December 1963 - 
May 1964, The distance of the satellite from the illuminated 
side of the Earth in the apogee was equal to 193,000 km and 
therefore, the geomagnetosphere had no effect at all. Fig. 22. 4,a 
shows the energy spectrum of electrons, obtained at a distance 
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of 125, 000 km from the Earth for the period November 27-30, 
1963 when their flux was minimum and no variations were 
observed, The flux spectrum of electrons, obtained after 
subtracting measurement data of January 9-12, 1964 from the 
corresponding data for January 13-16, 1964 is shown in Fig, 22, 4, 
b for comparison, The January 13-16, 1964 outburst, detected 
in this way, was not accompanied by an increase in the flux of 
Y-Fays or cosmic rays. 


1g" 


1, electron. cm=2 sec"}, sterad*1Mov"? 


go 
2 5 W@W 2 § 4 &@ 
&, Mev 
Fig. 22.4. Energy spectrum of electrons at a distance of 125,000 km from 


the Earth: 
a ~ November 27-30, 1963; b - January 9-12, 1964, 


Similarity of spectra for two cases, shown in Fig, 22, 4, 
makes it possible to consider that the electrons of quiet beam 
and the observed outburst have the same origin. The integral 
intensity of electrons with Ek = 2,.7-7.5 Mev was found equal 
to 210#10 electron, m~2 sec ~!, sterad”!- while the intensity of 
additional beam at &, = 3-12 Mev was equal to 100+ 10 elec- 


tron m-2 sec” 1 sterad~! , i.e., the relative increase was about 
50%. 


Although the observed cases of outbursts were mainly 
caused by cosmic electrons, Cline et al. [130] do not elimina te 
the possibility of their solar origin. In this connection the 
following observations must be kept in view. 
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Firstly, relativistic electrons must be generated at most 
of the part of the surface of solar atmosphere. In this Case, 
more powerful beams of solar plasma (containing recurrent 
beams of solar protons) will hold lesser number of electrons 
than the weaker beams. Moreover, retardation of electrons 
can be more effective in the powerful plasma beam than in the 
weak beam, On the other hand, electrons may be associated 
with the development of new regions of sunspots, However, 
Cline et al. [130] could not correlate the observed increases in 
the flux of electrons with solar activity. | 


Increases in the flux of solar electrons with &€, > 30 kev 
and °€, > 60 kev were recorded by N.L. Grigorov et al. [185] 
by “Luna-11® satellite on September 1 and 8, 1966, Basic data 
on these effects are given in Table 22.2. Protons with © E> 1.0 
Mev and intensity of 10° cm™“ sec a1 sterad~! were observed on 
8th September along with the electrons, During measurements, 
the satellite stayed in the shadow of the Moon and the effect of 
solar X-ray radiation was thus eliminated. 


According to Vampola [187], electrons of extremely high 
energies were recorded on September 2, 1966 by electron spectro - 
meter of the *1966-70A® satellite launched into the polar orbit, 
Sharp changes in the spectrum and total flux of electroas were 
observed in the northern as well as in the southern polar regions. 
The differential spectrum in the energy range of 0.225-1.375 Mev 
was ~ Eg2.02 on the subsolar side and é ~2. 77 on the anti- 
solar side. The ratio of total fluxes of electrons in this energy 
range on the antisolar and subsolar sides of the transition zone 
was equal to 3.5 about 19 hours after the flares. 


22.2. Propagation of solar electrons, As mentioned 
earlier, in 1965 Van Allen and Krimigis [128] recorded three 


increases in the flux of solar electrons with £4 = 40 kev. The 
time profile of the intensity of electrons during May 25 28 and 
June 5-7, 1965 was in general the same as that for solar protons 
with €, ~ 20 Mev and precisely the intensity abruptly (within a 
few hours) increases to the maximum value and gradually dec- 
reases (within 1-2 days). 


The authors [128] were convinced to use the diffusion model 
of propagation of particles, suggested by Parker [I.6]) and 
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developed by Krimigis [IV.28] (for details of this model, see’ 
Section 14.6). The relation (14, 45) was used for processing the 
experimental data and it was assumed that the diffusion coeffi - 
Cient of electrons does not depend on the distance from the Sun 


(B = 0). 


The plot of the function £(t) = exp (-1/t)/t3/2, which is a 
term of the right-hand side of equation (14,15), is shown in 
Fig. 22,5 for B = 0 and the given value of r. Positions of maxima 
(f° = 0) and two points of inflection (f*% = 0) are also shown. 
Straight line, passing through the first point of inflection, des- 
cribes the method of determining the time of commencement of 
the outburst t,. Lf the time of emission of electrons by the Sun 
is denoted by t, = 0, some idea on the value of t, can be obtained 
on the basis of Fig. 22.5, Actually iftp = 0, the intensity of 
electrons becomes maximum at t = 0,667 hrs while the 
commencement of outburst, as extrapolated for experimental 
data, corresponds to the value t, = 0.149 hrs, Now, it is 
possible to write the expression, 


Fig. 28:8, Craph of the function f(@) = expat? 2, 

For the May 25-28, 1965 events, a te «130 min and 
tmax~ t, Can go up to 168 min while (to - to") is less by 38 min 
only if the equation (14, 45) correctly describes the diffusion 
process, 
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In general, diffusion coefficient and parameter B can 
depend on the energy of particles. However, in this case, a 
narrow energy range of width 15 kev is actually recorded due 
to large steepness of the energy spectrum of electrons and 
therefore, the beam can be considered to be monoenergetic,. 


Using the solution of equation (14,3), 1t is possible to 
estimate the number of emitted electrons N and the values of 
diffusion Coefficient 2, 


Experimental data reveal a multipeak structure in about 
6 hours after the commencement of the outburst for the May 
25-28, 1965 event and in about 10 hours for June 5-7 event. 
Limiting the analysis to the period before the beginning of the 
multipeak structure, Van Allen and Krimigis [128] got the - 
following values: 


1, May 25-28, 1965, § = 0+0,2 for electrons with 
&,245 kev and &,> 40 kev; tp =22,45¢L9 wr. on 25th May 
for the same energies; N(Z; 45)~ 0. 7x1033 giectron. sterad-1; 
N(2 40)~ 1,1x1033 electron.sterad-!; (345) +(e 40) 
8x1021 cm*/sec. : 


2, June 5-7, 1965. B=0#0,2 for electrons of both the 
threshold energies; t, = 18.55+!9 UT for the same energies; 
N (245) ~ 4, 5x1034 electron, sterad-!; N(>40) ~ 8x102% electron. 
sterad@!; ge > 45) x 2 40) ~1.3x1022 cm2/sec. 


The value B = 0 corresponds to the case when the effective 
diffusion coefficient does not depend on r. This result for 
electrons sharply differs from the results mentioned in Section 
14, 6 for protons during the period 1961-1963. It is interesting 
to mention that the application of diffusion model with 2¢~rB to 
the data [129] gave the value # = 1.2. 


The significant physical difference between electrons and 
protons lies in the difference oftheir Larmorovy radius in the 
interplanetary magnetic field. As can be seen from Table 22. 3, 
Larmor ov radius of electron with an 40 kev is about. 10° time 8 
lesser than that for proton in the region of energies studied 
usually and is approximately equal to 10-6 a.u. inthe inter- 
planetary medium. 
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TABLE 22.3 
Larmorov radii of electrons and protons in the interplanetary field 
Type of particles &.. Mev Magnetic rigidity; Larmorov 


ly.l acu. radius in the 
field 5 y, a.u. 


Electrons 0. 04 4.60 1076 0.9 x 1076 


Protons ] 0.97-x 1o-3 0.2x 1073 
10 3,05 x 10-3 0.6 x 10-3 

100 9.66 x 10-3 1.9x 10-3 

1000 30.54 x 1073 6.1x1073 


From this, it can be concluded that electrons apparently 
represent a valuable new medium for studying the structure of 
the interplanetary magnetic field. For example, scattering at 
magnetic irregularities of approximate size 10-4 a.u. must have ; 
an absolutely different nature for electrons of &~ 40 kev than for 
protons having €, ~20 Mev. 


23. POSSIBILITY OF GENERATION OF NEUTRONS ON THE 
SUN 


Possibility of generation of fast solar neutrons was 
discussed in a number of works (Haymes [131, 132], Simpson 
[133], Lingenfelter [134], Lingenfelter and Flamm [II. 5; I1. 6]; 
Lingenfelter et al. [135, 136], Biswas and Fichtel [III.37], 
Apparao et al. [137], Hess [138], Chupp et al. [139], Hess and 
Starnes [140], Roelof [141], Bame and Asbridge [142]). 


The following are some possible processes pointed out by 
Hess [138]. 


1. Generation under the action of cosmic rays,. This 
source is negligibly small because the Sun consists of the 
lightest elements which do not have surplus neutrons. In 
principle, neutrons can be formed in the process ptp—-fr*tntp, 
the threshold for which is of the order of 300 Mev. However, the 
extent of this reaction is very small. 
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2. Thermonuclear reactions in corona. The corona has 
a temperature of about 106 OK, ratio of deuterium atoms to 
hydrogen is approximately equal to 5x1 0-5 and therefore, 
reactions of the type of D+ D~»n + He3 are possible. Numerical 
calculations show that this can give a flux, on the boundary of 
the Earth's surface, of the ordex of 10°? neutron.cm-2. sec~! 
which is negligibly small as compered to the flux of neutrons 
Originating under the action of cosmic radiation. Neutrons cam 
also originate in the Sun but probability of thelr exit outaide 
is very small. 


3. Formation of neutrons in the Sun's and Garth's 
atmospheres under the actionof protons from golar flareg. 
It is known that powerful fluxes. of protons mainty with & <100 Mey 
reach polar regions of the Earth during certain fiaces, These 
fluxes exist €or a long time ( > 10% sec) and canexceed 107 cm™@ 
sec”! at an energy of more than 10 Mev, According to estimates 
of Hess [138], the emission of about.5xi0°° protons bya solar 
flare during 1 sec corresponds to such a flux. Apparently, this 
very amount of protons is absorbed by the Sun, giving rise to a 
large number of neutrons. If it is assumed that every proton 
On an average gives rise to 0.01 neutron during interaction with 
the matter of the Sun, such a source musst give, near the boundary 
of the Earth's atmosphere, a flux of about 10 neutron.crmn”2, sec”! 
with €&,<100 Mev. Neutrons are not observed at the sea level 
but they can however be detected beyond the limits of the Earth's 
atmosphere. 


_Large fluxes of neutrons can originate in the Earth's 
atmosphere under the action of solar protons. According to the 
estimates of Hess [138], neutron flux from solar protons can be 
more than 104 cm~2 sec™! at the boundary of atmosphere in polar 
regions. 


On November 15, 1960 during the flight of the American 
rocket "Atlas" at an altitude of 500 km over a station of latitude 
40°S, Chupp et al. [139], with the help of a neutron monitor, 
recorded a three-time increase in neutron flux as compared to 
the earlier measurements of Hess and Starnes [140]. Sucha 
phenomenon can be explained by the action of solar protons 

_Since a significant increase in the flux of charged particles from 
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the Sun was recorded at thattime. Apparently, had the experi- 
ment been conducted at higher latitudes, the observed effect 
wovld have been even stronger. It should be mentioned that 
according to the data obtained by Hess [138], the flux of_ 
activity is approximuety equalto U.3 neutron cm™4 sec™! on the 
equator and 3 neutron.cm~2, sec”! near the poles. This flux is 
caused by neutrons escaping from the Earth's atmosphere. 


The Moon can also be a source of neutrons. Under the 
action of cosmic radiation, a much larger number of neutrons 
must originate at the Moon than that in the Earth's atmosphere 
due to the following causes (Lingenfelter et al. [1 35]): 1, The 
moon has a very weak magnetic field anda therefore, low-energy 
cosmic particles can reachits surface. 2, Neutrons originate 
in materials heavier than nitrogen and oxygen, 3. 1 -mesons, 
originating from high-energy particles, can play a significant 
role in the formation of neutrons during interaction with the ; 
material of the Moon while almost all T-mesons disintegrate in, 
the Earth's atmosphere due to low density of air, 


Owing to these factors, the rate of formation of neutrons 
in the material of the Moon must be about 10 times thatiin‘the 
Earth's atmosphere. A flux of about 10 neutron.cm~2ec~l 
should be expected on the Moon's surface, At a depth of about 
30 g/em2 below the lunar surface, the flux must be much more-- 
nearly of the order of 3000 neutron.cm~2,sec™*. 


The neutron fluxes may significantly increase during solar 
flares, Near the Earth, neutron fluxes of the order of about 
2x10-4 cem~2, sec~! should be expected from the Moon which is 
much less than that from the atmosphere. In the case of the 
presence of a significant content of hydrogen, a peak of thermal 
neutrons must be observed in the spectrum, 


Simpson [133] as well as Lingenfelter and | Flamm 

[11.5] assumed that neutrons may be emitted by the Sun even 
under quiet conditions. Solar neutrons can also briginate _ 
during interactions of energetic protons. and «-particles with 
thermal particles of the surrounding medium inthe solar | 
atmosphere.: As is well known, neutrons are unstable particles 
and their half-life period is approximately equal to 17 minutes. 
Therefore neutrons, existing at the boundary of the Earth's 
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atmospnere, can only be of solar or lunar origin since the 
probability of formation of neutrons due to interaction of cosmic 
rays with nuclei of the interplanetary medium is negligibly 
small, 


According to estimates of lingerifelter [135], the flux of 
solar neutrons with €.>! 0? ey-in the région of the Earth is 
2-3 times the average total flux of albedo neutrons. Owing to 
the absence of electric charge, neutrons are not subjected 
to the action of magnetic fields; and therefore, they move from 
the Sun in straight lines. It is clear from this thet flux of solar 
neutrons near the Earth will be maximum at the subsolar point 
and’ must increase on increasing the distance from this point - 
while flux of albedo’ neutrons will increase with an increase in 
the geomagnetic latitude owing to latitudinal effect of galactic 
cosmic rays. 


It is difficult to detect solar neutrons because the 
existing measuring equipment is mainty sensitive to thermal and 
average-energy neutrons ( €, <10° ev) while solar neutrons can 
have €, 71 0° ev but their flux in the region of ther mal and 
average energies is apparently_small as compared tq the flux 
of albedo neutrons of sarne energies. 


A method of measuring solar and atmospheric neutrons 
was studied by Pinkau [143]. Neutrons with Ei 20-100 Mev, 
capable of reaching the Earth, orginate on the Sun inthe process 
of interaction of solar protons with the matter of the phceto- 
sphere. At present, we do not have such measuring apparatus 
which would have sufficient resolving power with respect to 
directions andenergy. Therefore, it is not possible to differ - 
entiate solar neutrons from albedo neutrons and to get energy 
spectrum. The author [143] suggests to utilize the principle of 
double scattering of neutrons on protons in the measuring 
apparatus. For this purpose, a substance with a high hydrogen 
content must be used in the recording system. 


Ins pite of the above-mentioned difficulties, Haymes 
{131} could record specific diurnal effect -- increase in the flux 
of neutrons immediately before setting of the Sun: Measure- 
ments were taken with the help of thermal-neutron detectors 
curing three balloon flights. Two flights were conducted in 
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1958, i-e., at the time of maximum ofthe last solar cycle, and 
the third, near the maximum of the previous cycle. The 
recorded outbursts were possibly caused by low-energy second- 
ary neutrons formed in the terrestrial atmosphere as a result 
of a nuclear chain-reaction which was caused by fast solar 
neutrons passing through the rapidly -increasing layer of the 
atmosphere between the detector and the Sun just before its 
setting. 


The results of some other measurements can also be 
interpretted within the framework of Simpson's hypothesis 
(133]. Since there must be a surplus of solar neutrons as 
compared to albedo neutrons, this hypothesis can, in particular, 
explain the second maximum in the spectrum of protons of 
the internal radiation belt. This maximum was detected in the 
measurements of Freden and White [144] and was apparently 
caused by the effect of superposition of protons from fission of 
albedo and solar neutrons: since the spectrum of only albedo 
neutrons must monotonously fall with an increase in energy. 


Recently, Haymes [132] made an attempt to record 
continuous emission of solar neutrons with €,<20 Mev. The 
Measurements were taken in the stratosphere with the help of 
balloons. The comparison of the counting rates ofthe detector, 
made on the basis of diurnal and nocturnal changes, helped in. 
getting the upper limit of neutron flux 200 cm-2,sec7! 
for, = 1-14 Mev. It should be mentioned that, if neutrons are 
generated on the Sun with energies right up to hundreds of Mev, 
high-energy neutrons have a higher probability of reaching the 
Earth's surroundings without disintegrating than the low-energy 
neutrons, 


Changes of neutrons on March 23, 1962 in the strato-- 
sphere over Hyderabad, India (geographical latitude 17.3°N, 
longitude 78.5°E, vertical geomagnetic cut-off rigidity 16.9 Gv) 
are described in the work of Apparao et al, [137, 145]. The 
neutron flux in the range &, = 4-160 Mev was determined on the 
basis of measurements of tracks of recoil protons in the process 
of elastic collisiqns of neutrons with hydrogen nuclei in photo- 
emulsion. The low intensity of galactic cosmic rays, caused 
by high cut-off rigidity in the Hyderabad region, led to a low 
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flux of secondary particles at the altitudes of balloon flights 
which facilitated recording the changes in flux of solar neutrons. 
Basic results of the experiment are described in Table 23.1. 


Neutrons have been divided into two energy groups: 
€ |, = 4-20 Mev and €. = 20-160 Mev. The first group approxi- 
mately corresponds to evaporative neutrons and the second to 
cascade neutrons. Digits in brackets denote the total number 
of observed events of a given ,type . It should be mentioned that 
the cases when the tracks had zenith angle more than 60 were 
neglected at the time of anal ysis. 


It is seen from Table 23.1 that inthe range €, = 4-20 

Mev, practically all the neutrons, coming downward, are of 
atmospheric origin while inthe range &, = 20-160 Mev, 
the number of atmospheric neutrons is only 15% of the observed 
number of neutrons moving downward. The actual surplus of 
neutrons.is equal to 148 + 60 cm~*.sec! andthe Sun is their 
most probable source. This conclusion agrees with the fact 
that flux of neutrons with €, = 4-20 Mev is much less than in 
the range € = 20-100 Mev which is caused by much higher 

probability of existence of high-energy neutrons at a distance 
of about 1 a.u. from the Sun as compared to low-energy - 
neutrons. A significant flux of low-energy neutrons eat be 
observed near the Earth only in that less-probabie case when 
generation spectrum of neutrons is very sleep. 


It is appropriate to mention that, according to the recent 
calculations of Lingenfelter et al. [136], the flux of solar 
neutrons with ©, >10 Mev, expected near the Earth, is equal 
to 30 cm-~-2Z,sec Li But these calculations were based upon a 
particular model with wide range of changes in the intensity 
of the emitted particles. Therefore, a direct comparison 
of the calculations [136] with the observation results [137] 
does not have any special significance. 


Observations (137| were made at a time-when the numper 
of sunspots was maximum for the corresponding 27-day 
rotation of the Sun. Moreover, at 3 hours local time on March 
23, 1962, a flare of class 3 was observed which did not lead to 
any effect in cosmic rays and to geophysical disturbances. The 
detector was at the limiting altitude of 10 g/cm? between 9-15 
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hours local.time and therefore, the observed beam of neutrons. 
was apparently related to active region of the Sun, responsible 
for the flare. 


By analyzing the available experimental data and 
theoretical estimates of the flux of cosmic neutrons in various 
energy ranges, Biswas and Fichte1 [IIIl, 37] arrive at the 
conclusion ‘that there is no sufficient and convincing proof of the 
existence of fast neutrons of solar origin. 


In order to verify the assumption of continuous emission 
of neutrons by the Sun, in October 1963, Bame and Asbridge 
[142], with the help of "Vela" satellite, measured the intensity 
of solar neutrons at distances of 16-20 rg. Data on counting 
‘rate. of neutron detector during the eclipse of satellite by the 
Moon or the Earth were investigated. It was found that the flux 
of solar neutrons is very low and it lies beyond the threshold 
sensitivity of the equipment. If it is assumed that the spectrum 
of solar protons is similar to the spectrum of the Earth's albedc 
neutrons, the upper limit of the flux of solar neutrons will be 
equal to 0.01 cm-2,sec"!, The possibility of appearance of 
outbursts of solar neutrons after chromospheric flares: was also 
studied; two of these flares were of-class 3 while many“others 
were accompanied by radio outbursts of type IV. Increase in 
neutron flux was not observed in any of these events*. 


One of the recent works on detection of solar neutrons 
was conducted by Daniel et al. [146] on. April 15, 1966 with the 
hel p of a detector, which consisted of a scintillator and an arc 

chamber and was raised on balloons over Hyderabad (geomag- 
netic latitude 17.6°N). Neutron measurements at equator have 
a naePey of advantages (low peckgrouad of neutrons from 

* As pointed out by Bame et al. [188],'neutron detectors on 'Vela" satellite 

were capable of recording the increase in neutron intensity due to a solar 
flare which was ¥% of the theoretical value for the large flare of November 
12, 1960. Although the integral flux of charged particles from September 
‘2, 1966 flare was about 10% of the flux for November 12, 1960 flare, in- 
crease in neutron intensity was not observed. It follows from this that 
either the fraction of charged particles, returning to the Sun's surface after 
their acceleration, is much less than 50% or they fall into the dense layers 
of the solar atmosphere gradually as a result of which increase in the in- 
tensity of neutrons lasts for a much longer period. 
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galactic cosmic rays, absence of latitudinal effect of solar 
neutrens, maximum intensity at subsolar point if the neutrons 
have solar origin). 


Measurements [146] were taken starting from 210 mb 
level to 11 + 1 mb level. At the limiting altitude, data were 
obtained during the 1.5 hours of recording. The flux of 
neutrons from the Sun was 3.35 times the background of 
galactic cosmic rays (at the limiting altitude) and was equal 
to 103 m4 sec”! in the range Ey. = 50-500 Mev. 


The authors [146] analyzed the possible causes of the high 
flux of neutrons on April 15, 1966 and arrived:at the conclusion 
that it cannot be explained by instrumental errors or by strong 
variations of cosmic rays (according to simultaneous measure- 
ments with the help of Geiger counters on the same flight, 
significant variations were not observed during this period). 
it can be assumed that the increase in neutron flux was caused 
by a solar gubflare in the spot group which appeared on the 
eastern limb of the Sun on April 12, 1966. At the time of 
measurements, increase in brightness of Hy line in this active 
region was observed which was accompanied by the ejection 
of chromospheric matter and increase inthe intensity of-radio 
emission at 100 MHz from 2x10-22 to 6x10-22 w.m7¢% hertz 7}, 
Such phenomena of solar activity are usually classified as sub- 
flares. 


Thus, the results of measurements [146] can apparently 
serve as the first proof of emission of high-energy neutrons 
( €, = 50-500 Mev) by the Sun. 


It should be mentioned that as 2 result of disintegration 
n—>pte"+y¥ (according to measurements of A. N.Sosnovskii 
et al. [147], with an average life of t = 1010 + 25 sec in static 
system), most of the protons do not reach the Earth's orbit. 

At a distance of 1 a.u. from the Sun, the fraction of disinte-. 
grated neutrons having €, = 10 Mev will be about 97% while it 
will be about 59% for neutrons with a =200 Mev. Inthis 
case, protons obtained as a result of disintegration must give 
rise to typical effects. 
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‘Tne problem of time variation of the intensity of protons 
from chromospheric fldres on the condition that they are ~ 
generated in the interplanetary space as a result of disintegrati6n 
of solar neutrons, was studied by Roelof {141]. The solution 
of diffusion equation for neutron concentration n (r, v) was 
found to be 


__ 30(u) f vt A\feteter fet l} 
alr, =O {* _(144)[ - JA dz\}, (23.1) 


where @ (w)is the generation spectrum of neutrons of velocity 
v, V is the half-life period of neutrons, r is the distance from the 
Sun and Ais the mean tree path for scattering of protons in the 
interplanetary space (it is assumed that A depends neither on r 
nor onv). On the basis of equatidn (23.1), it is possible to 
evaluate the upper limit of flux of neutrons from the Sun. If it is 
assumed that the flux of protons, observed on "“IMP-1" gatellite 
during December 1963-May 1964, is caused only by disintegration 
of neutrons, then at N= 0.05 a.u. inthe range ©, = mae Mev, 
th 2 : “1 

e upper limit of flux wanes from 8x10%! neutron.sec~! Mev 
at & = 20 Mev to 4x10 22 neutron.sec-! Mev-! at &, = 75 Mev. 
Roe lof [141] shows that the existing observation data on‘solar 
protons at distances of 0.5-1.5 a.u. do not eliminate the 
possibility of the fact that about 10% of the recorded protons 
in the range €, = 1-100 Mev originated as a result of disintegrat - 
ion of solar neutrons in the interplanetary space. 


Let us mention some works related to the study of solar 
neutrons and ¥-rays originating during nuclear reactions in the 
photosphere of the Sun. 


On the basis of baitoon measurements with the help of 
Cerenkov scintillation counters in August 1964 at Argentina 
(26°S, 65°W, cut-off rigidity 12.1 Gv) Webber and Ormes 
[148] found that the flux of solar neutrons with & «7 100 Mev, 
during quiet days, is not more than 24 neutron, mo sec) (by 
assuming that differential spectrum of neutrons~€-2), The results 
of estimates, made on the basis of data of various authors, of 
the upper limit of the spectrum of solar neutrons have been 
summarized in {148}. 
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Chupp [149] estimated the yield of neutrons and ¥-rays 
as a result of nuclear reactions onthe Sun. For Rbruary 23, 
1956 flare, the flux of fast neutrons (&, of the order of a few 
Mev), expected near the Earth's orbit, is of the order of 
1, 8x1074 T neutron cm~2,sec~! where T is the duration of 
bombardment of solar atmosphere by cosmic rays. At T ~103 
sec, the flux of solar neutrons near the Earth will be comparable 
with the equatorial flux of albedo neutrons (0.1 cm-2,sec~!), 
For a similar flare, the flux of ¥-rays near the Earth's orbit 
will be of the order of 5 quantum.cm=2,sec~!} at &y70.51 Mev. 
The experimental requirements on measurement of such low 
fluxes of this radiation are discussed briefly. Bland [150] studied 
the means of verification of the hypothesis about the nuclear 
origin of rigid ¥-rays from solar flares (E/>50 Mev). According 
to this hypothesis, Jr°-mesons are formed Yn cosmic rays, 
accelerated during the flare, as a result of nuclear reactions. 
These mesons later on disintegrate into ¥-quanta (p+p —p + 
p 1, p +0 peeowey | The expected energy spectrum of X-rays 
is discussed in brief. The existence of maxima whose position 
is mainly defined by the direction of motion of accelerated protons 
with respect to the line of sight is a characteristic feature of this 
spectrum. Three simple cases are studied: motion of-solar 
protons along the line of sight towards the observer and in the 
Opposite direction as well as isotropic distribution. Here, the” 
maximum in the spectrumof ¥-rays due to disintegration lies in 
the region of 115, 40 and 77 Mev respectively while its position 
weakly depends on the nature of energy spectrum of accelerated 
protons. This conclusion is illustrated on the example of 
power spectrum D( &) = Dy € “¥ at different values of x. 
Thus, by determining the position of maximum in the spectrum 
of 4-rays for flares near the central meridian and near the limb, 
it is possible to get information on the nature of motion of 
accelerated protons. The possible experimental verification of 
the hypothesis with the help of satellites is discussed. Inthe 
Opinion of the author, the main difficulty will lie in eliminating 
%-rays of atmospheric origin. 


It is mentioned in the work of Fazio [151] that the experi- 
ment on detection of %- quanta with £y>100 Mev from the Sun (the 
equi pment was mounted on "OSO-1" and "1962-3-1" satellites) 
gave negative results. The upper limit of the flux for quiet 
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Sun was 2x10-3 cm-2,sec~! while it was of the order of 10-2 cm~-2 
sec-! during a flare of.class 3 (March 22, 1962). Attention is 
drawn to the importance of the study of radiation in the range 

€y = 1-10 Mev during flares. The emission inthis range is 
associated with scintillation of C, N and O nuclei excited by 
nonelastic collisions with accelerated protons of solar cosmic 
rays. 


Lavakare [152] briefly describes the results of theoretical 
and experimental investigations on solar neutrons conducted by 
various authors.. Korff [153] reviewed in detail the modern state 
of the problem of neutrons in cosmic rays. Scanton and Spergel 
[154] estimated the intensity of neutrons 6riginating in the Martian 
surrOundings during bombardment of Mars surface and atmosphere 
by cosmic rays. 


24. GENERATION OF COSMIC RAYS ON THE SUN AND 
PROBLEM OF LOCAL ORIGIN OF LOW-ENERGY 
COMPONENT OF COSMIC RAYS 


Since earlier estimates gave a value 1024 - 1025 particles/ 
sec (see I,13], Section 43.4) as the rate of generation of cosmic 
rays (& 2109 ev) by the Sun, the role of abaut 1011 usual stars, 
which could give in all 1035-1036 particles/sec, was found to be 
insignificant as compared to generation of > 1041-1942 particles/ 
sec necessary for keeping the normal level of the intensity of 
cosmic rays inthe Galaxy. Now, with the availability of new 
data, we feel that negligence of the role of ordinary stars can 
hardly be so categorical and that additional analysis is necessary. 
Actually, it follows from the data, given in Chapter III, that many 
solar flares generate a large number of particles ( & 1032-1033) 
with sharply decreasing spectrum apparently extending to energies 
of a few Mev. The rate of generation of low-energy particles by 
the Sun ( > 1096 ev) must be increased by a few orders as 
compared to the above -mentioned estimate of the flux of 
particles with €, > 10? ey. : 


If the galactic field be more or less regular near the 
solar system, low-energy cosmic rays, observed inthe solar 
system, should apparently come from comparatively close 
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regions in a direction transverse to the field. Actually, if 

there is a more or less regular magnetic field H ~7x10-§ gauss 
in the disk of the Galaxy, Larmorov radius of particles with is 
10! ev will be ¢ < 5x1012 cm. The particles in such a field can 
propagate either along the lines of force or transverse to them as 
a result of drift due to irregularities of the field. The rate of 
drift vy ~$/2 Yj where @is the size of irregularities and_ Vj is the 
velocity of particles. If @~lunc ~ 3xl07 cm and url 019 cm/sec, 
then %~103 cm/sec and at a concentration of about 10-2 em-3 

of the gas inthe disk, the life of protons Tp~iol7 sec. Such 
protons can reach the Earth only from a distance L ~ 1020 cm~ 
30 nc. 


In the case of propagation along the lines of force of the 
field, particles during ~1017 sec can reach almost from every 
part of the Galaxy, i.e., practically, there will be one- 
dimensional propagation of particles. In this case, the local 
origin of even low-energy components of cosmic rays appears to 
be less probable (not to mention the high-energy particles). 

In the case of closed configuration of the regular magnetic field 
around the group of nearest stars (at a distance ~30 nc), the 
total number of cosmic particles in the volume (at a concentration 
of about 1010 cm~3 for &>10’ ev around the solar system) will 

be of the order of 3x1050 particles. It follows from this that 
generation of > 3x1033 particles/sec is necessary for keeping 

the stable state (it is considered that life of particles in this 
volume is definitely less than 1017 sec). Since there are about 

10° stars in this volime, it comes to about 3x10 particles / 

sec for every star. 


As already mentioned, the flux of particles from the Sun 
with Ex >10? ev is apparently not more than 1024 _ 1925. 
particles/sec. However, it is comparatively easy to provide 
the required flux of about 31033 particles/sec if it is assumed 
that the particles with & >10 ev, generated by the Sun, are 
further accelerated in the volume under reference, for example, 
by the energy of magnetized corpuscular beams, emitt.d from 
the stellar atmospheres. 


It is possible that in the volume under reference the 
mechanism of acceleration inthe arbitrarily-formed traps as 
well as the statistical mechanism come into play. However, 
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high rates of motion of field irregularities and small mean free 
paths for scattering are necessary to make the statistical 
mechanism effective. 


In order to increase the energy of a particle of mass M 
in the nonrelativistic region from bxo to Ce at the rate of 
accumulation of energy 


d 2 
= V20M (24.1) 
the time required is 


pa Wer — Ven) 2A _ (UH) A 
u?V 2M ou? 


If e107 ev, and E.~10? ev, then.at N10 new 3x1029 cm 
and u > 3x10 cm/sec, we gett < 1017 sec ~T, However, the 
particles cannot exist in a volume of dimensions L for such a 
long period (apparently, it is possible only in the presence of a 
strictly regular, closed magnetic field or in the case of very 
low mean free path A for scattering). 


(24.2) . 


It should be taken into consideration that the time of 
acceleration is limited by the possibility of nuclear interaction 
(time T,,) as well as by the exit of particles from the. above - 
mentioned volume owing to drifting at field irregularities and 

,owing to diffusion during scattering at irregularities (time Tg ). 
In order to quantitatively explain the observed abundance of Li, 
Be and B in galactic cosmic rays, it is necessary to assume that 
they, on a. Average, must cover a few g/cm“ matter*. There- 
fore, ifn ~ 10-2 cm-3 it is necessary that Tg > 108 years. 

But since Td ~L4/vA, the transport range for scattering of 
particles A<l 014 cm. Atu 3x1 06 cm/sec and bo 10° ev, 


* Here we base upun g- erally accepted confirmution that Li, Bé and B have 
secondary origin, i.e., they were formed due to fragmentation of heavier 
nuclei during their motion in the interstellar medium. 

Measurements on He ¥ (He? +He4) ratio in the interplanetary space also 
give information on the amount of matter, crossed by cosmic rays, on. 
assuming that He? nuclei were formed due to fragmentation. Such measure ~- 
ments were taken by many research workers. One of the recent results was 
obtained by Biswas et al. [190]. According to estimates [190], multiple - 
charged nuclei cross about 7-9 g/cm? of the interstellar matter at ©p = 200- 
300 Mev/nucleon . These results do not contradict the estimates obtained 
from Li/M ratio (M-nuclei: 6<Z59. 
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according to equation (24.2), relativistic energies can be 
attained during t ~ 104 years. Thus, the problem is as to 
whether such low values of A are possible. There are strong 
arguments in favour of the fact that A in reality is significantly 
high (as an average for the Galaxy, it is usually assumed that 
N>3x1019 cm). But then Tg<<l0” years owing to which Li, 
Be and B cannot be formed. At large values of A, still larger 
power of sources should be assumed. 


Moreover, ‘high-energy partictes (for example, & A 
1014 ev) cannot be retained in the volume of dimensions L and 
~ must be of galactic origin. If the existence of différent sources 
for particles of different energies is assumed, it becomes 


difficult to join" energy spectra.. 


In this case, the particles of solar origin do not play a 
significant role due to the following reasons (each of which is the 
deciding cause): due to rapid leakage of particles from chromo- 
spheric flares beyond the limits of the solar system; owing to 
significant difference in energy spectra of solar and galactic 
cosmic particles and finally, due to sharp differences in the 
nacltear composition of galactic cosmic rays and fast particles 
from chromospheric flares. 


Moreover, .as shown by experimental data (see Section 
11), it-is meaningful-+to talk of the role of solar particles only 
at &,<200 Mev. “As far as the spectra are:concerned, it should 
be kept in view that, according to S.I. Syrovatskii [II. 3], 
generation spectra, similar in shape, can be expected of 
different sources. But, since the intensity will be different >: 
and since every source gives beams of particles in different 
energy ranges, there must be points of inflection and breaks 
in the total spectrum obtained on summing up the spectra of 
points of inflection and breaks in the total spectrum obtained on 
summing up the spectra of solar and galactic cosmic rays). 


Had the solar system existed in the Supernovo shell, 
there would had been a possibility of local origin of the main 
part of cosmic rays (of course, it would have been difficult 
to explain the presence of Li, Be aad B in cosmic rays but this 
difficulty could have been overcome). In this case, it could 
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have been expected that the intensity of cosmic rays in the 
Earth's surroundings is more than that inthe Galaxy. But this 
position will be only temporary and after gene ration and 
scattering, the shell of the intensity of cosmic rays will be 
equalized. Thus, taking into account the results of the analysis 
of some meteoritic data (see [I. 2], Section 58.1), it can be 
confirmed that at present, the solar system haraty exists in 
the Supernovo shell. In any case, the present intensity of 
cosmic rays inthe surroundings of the solar system is not 
more than 1.5 times the average intensity inthe Galaxy. 


Thus, the above-mentioned facts go against the 
assumption of local origin (in usual stellar atmospheres or in 
the Supernovo shell) of the main part of galactic cosmic rays, 
observed onthe Earth. It should once again be underlined that 
it does not eliminate the possibility of solar origin of the least- 
energetic part of cosmic rays (with energy less than a few 
hundred Mev) during comparatively high solar activity in the 
presence of frequent chromospheric flares (see Section 11). 


25. SOLAR COSMIC RAYS AND RADIATION DANGER 


Protons from solar flares represent maximum radiation 
danger to astronauts during flights in the interplanetary space 
(see, for example, the review of I. M.Savenko et al. [155] or 
collection of articles [150].). 


Attempts were made in a number of works to estimate the 
value of radiation dose from many solar flares. Even atthe 
existing level of knowledge on solar cosmic rays, and on the 
basis of these estimates, it is possible to recommend the opti- 
mum characteristics of the shield required for protecting the 
astronauts. 


The nature and depth of irradiation of any material by fast 
particles significantly depends on their energy spectrum. Since, 
for most of the flares, the spectrum of solar cosmic rays is very 
soft, only unprotected or weakly~-protected parts of the 
astronaut's body (skin, crystalline lens of the eye, etc) will be 
subjected to radiation in open space. 
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On the basis of this, Waddington [157] suggested to classify 
flares of solar protons into two types --.A-and B -- depending 
upon the type of spectrum. Flares of typé A are characterized 
by integral spectrum of the type ~e," inthe range €, = 30-400 
Mev and cannot -be detected from the increase in the intensity on 
the Earth's surface. They are usually recorded during measure - 
ments on balloons, rockets and satellites. Frequency of this 
type of flares is sufficiently high for example, nearly 40 events 
were observed during July 1957-November 1960. Flares of May 
10, 1959, November 12, 1960 and otiers can be put inthe cate- 
gory of flares of type A. 


Flares of type B are characterized by the integral spectrum 
of the form (&,+ €),)76 and are recorded on the Earth's surface. 
Flares of this type, in general, are very rare. A typical flare 
of type B occurred on February 23, 1956. 


Winckler et al. [1.65] evaluated radiation dose at the 
boundary of the atmosphere and in the interplanetary space 
during quiet days and during some flares of cosmic rays 
(Table 25.1). It should be mentioned that radiation doses, men- 
tioned in this Table and obtained by exptrapolating the strato- 
spheric data, are apparently very high because it was assumed 
that the form of the spectrum does not change ou transiting to 
low energies (actually, the index of the spectrum it many cases 
decreases significantly on transiting to’ xx 100 Mev). 


Data on absorption of radio waves inthe region of polar 
caps were compared by Bailey [95] with the results of measure- 
ments on balloons, rockets and satellites with the aim to study 
time variations of the spectrum of solar protons. 


The integral intensity of particles having > 100 Mev 
is of utmost interest since particles of lesser energies will-be 
effectively absorbed by the shield of the spaceship. I is seen 
that radiation flux becomes maximum 8-16 hours after the 
commencement of flare and significantly decreases after 32 
hours (Fig.25.1). Obviously, the maximum intensity of 
protous with €,2100 Mev, from most of the flares, is not 
more than 2x1025x10% cm“. sec”!. stered-! which is comparable 
to the radiation intensity in the Earth's internal radiation belt. 
According to Waddington [159], the maximum flux of protons 
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with €, 2 500 Mev from most of the flares, giving rise to 
large outbursts on the Earth's surface, is of the order of 108 


cm~*.sec”! and during the whole of the flare, it goes up to 
3. 6x1011 proton/cm#. 


OST 
|’ 32 hee, URGES OB DMA o/-n? 


1, proton, cm"“,sec"} aterad-1 ” 


s 


1. 3 i K 
f Mi 10? 193 wo 
§9 Mev: 

Fig. 25.1. Expected change in integral energy spectrum of solar protons with 
time after chromospheric flare (time is shown in hours). Geo- 
magnetic cut-off latitudes and absorption ranges are given. 

_ &n order to safeguard the flight during sucha flare, a 
shield of about 400 g/cm@ carbon is necessary (in the case of 
prolonged flights in the interplanetary space, fuel reserve is 
suggested to be used as the shield). The frequency of such 
flares is so small (1 flare after many years) that short flights 
(for example, to Moon and back) are practically safe at shield 
thickness of about 5-10 g/cm2 (from ordinary flares). However, ' 
in the case of flights to Mars or Venus, danger from the most: 
powerful flares increases significantly. 


‘Appleman.[158] conducted a similar investigation on the 
problem of the possibility of manned flights in cosmic space in 
the presence of different types of radiation (galactic cosmic 
rays, radiation from the quiet Sun, radiation from chromospheric 
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flares, Earth's radiation belt). It is shown that the first radia- 
tion sources are not harmful for man. During chromospheric 
flares, the total radiation dose in cosmic space can go up to tens 
and hundreds of roentgen. Radiation danger changes significantly 
with the cycle of solar activity. 


The degree of radiation danger of galactic and solar cosmic 
rays as well as of radiation in the Earth's radiation belt is 
evaluated in the work of Masley and Goedeke [159]. The galactic 
radiation in cosmic space, on &2n average, gives integral radia- 
tiou dose of about 5 rad/year. At the same time, the radiation 
dose at the center of the internal radiation belt goes up to 0.1 
rad/hr. Inthe case of intersection of the internal radiation belt 
during one hopr (at the equator), the dose attains a value of about 
6 rad. During certain chromospheric flares, accompanied by 
generation of relativistic protona, radiation dose may go up to 
2x102 rad (Novembez 12, 1900) and even up to 3x104 rad (July 
14, 1959). 


Robey [160] points out that action of solar cosmic rays 
from class 3 and 3+ chromospheric flares is the most harmf-.i 
for an astronaut. By studying the pheaomena accompanying these 
flares, the author [1460! evaluates the degree of reliakility of 
forecasting. By using the data on energy spectrum, intensity aad 
time variations of large flares of solar cosmic rays, Robey cal-~ 
culates the most optimum dimensions of the shield necessary for 
protecting mao from radiation dose harmful for him. 


It is most 2ppropriate to use carbon as the protective shield. 
Aa additional layer of lead or iron is suggested for protection 
from Xyrays of braking radiation from electrons. From outside, 
an interplanetary spaceship can be covered by a thin layer of a 
synthetic material (polyethelene) which sharply reduces the 
intensity of braking radiation. The thickness of carbon shicid 
required for reducing the radiation dose to 1-6 rem, has been 
calculated for the May 10, 1959 flare of cosmic rays. Inthe 
case of power spectrum of flare particles with index y = 6.8, 
the thickness of the shield is equal to 22 cm (50 g/cm2), However, 
during a cosmic-ray flare similar to the February 23, 1956 flare, 
safe radiation dose (less than 25 rem) will he achieved by carbon 
shield of thickness ~~ 260 cm. In this case, spherical shield 
of internal radius 90 cm will weigh about 379 tons. Here, the 
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contribution of secoadary neutrons and mesons has not been taken 
into account. 


On the basis of the method, suggested by the same authors, 
V. E. Duiikin et al. [161] calculated the protection from solar | 
protons for November 12, 1960 and February 23, 1956 flares 
belonging to types A and B respectively’ For the November 12, 
1960 flare, spectra for three periods of time were used (time ia 
hours after the commencement of the flare): 1-10, 10-14 and 
14-32 (see the review of Foelsche [163]). The total radiation dose 
during the flare was determined by summing up the doses corres-~- 
ponding to these periods of time. The energy spectra, measured 
at the beginning of the flare and after 19 hours, were used for the 
February 23, 1956 flare. 


It was assumed in the calculations. that cabin of the space~ 
ship is spherical and is made of aluminum. The angular distri- 
bution of | protons from solar flares was taken to be isotropic, 
A comparison of calculation results for the two above- mentioned 
flares shows that the average and local doses differ significatly: 
local dese is more by 10 times tor the November 12, 1960 flare 
and by 7 times for February 23, 1956 flare at protection thickness 
of ‘1 g/cm? and by 2.3 and 1.2 times respectively at 2 thickness 
of 20 g/cmé. 


The dependence of absorbed tissue dose on depth was 
also calculated for these two flares at various thicknesses of the 
protection, It was shown that, if the thickness is more than 
8 g/cm“, drop from the maximum absorbed dose‘to the average’ 
tissue dose does not exceed 6. As shown by authors [162], this 
fact makes it possible to use the average tissue dose as the 
criterion of radiation safety in calculations of protection. 


The absorbed depth doses were calculated in rad as well as 
‘in rem while in the latter casé, use was made of the dependence 
of relative biological effectiveness (RBE) on linear energy losses, 
obtained by Langham [164] and Snyder and Neufeld [165] as 
applicable to the conditions of chronical action. The ratio of 
average tissue doses in rerns and rads gives the value of RBE 
for the whole body. Although, due to absence of data, the maxi- 
mum values of RBE for chronical action were used,in the cal- 
culations ‘of depth doses, RBE for the whole body was found to be 
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very low, differing from unity (at a protection thickness of 
more than a few grams per centimeter square). If it is con- 
sidered that, in the case of sharp-ray actions which include 
radiation of protons from solar flares, the values of RBE are 
always much less than those in the case of chronical actions, 
then it follows that it is possible to express average tissue 
doses in terms of rad in the calculations of a protection from 
solar -flare protons. 


The values of average tissue doses were obtained without 
taking into account the contribution of secondary particles, _ 
formed in the protection. Approximate extreme estimates of 
the contribution mentioned by Beck and Dayid [166], show that 
role of secondary charged particles, formed by solar-flare 
protons in the protection, can be seglected. The role of second- 
ary neutrons was found to be more significant for flares of type 
A. If the thickness of aluminum shield is of the order of 10 
g/cm4, the dose from secondary neutrons is found to be com- 
parable to the dose from primary protons. 


The calculated values of the average tissue doses from 
solar protons once again show that solar flares give rige to 
serious radiation danger owing to which it is necessary to 
foresee a special protection on spaceships. At the same time, 
it should be mentioned that previous estimates of radiation 
danger, associated with solar flares (see the works of Robey 
{160}, Foelsche [163], Beck and David [166], Dye and Noyes 
[167]), were found to be very high since they were based on 
calculation of local absorbed doses. Moreover, it is necessary 
to point out that the finite probability of exposure of an astronaut 
to protons from many solar flares was not taken into account in 
calculations (160, 163, 166, 167). V.E.Dudkin et al. [161] 
evaluated this effect by making use of the following factors. 


For comparatively small intervals of time, the appearance 
of solar flares can be considered as statistically independent 
events. Appearance of a specific type of flare during the flight 
of a spaceship is an arbitrary event whose probability depends 
on the frequency of this type of flares as well as on the duration 
of the flight. 
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The probability of a given nurnber of solar flares during a 
flight can be described by Poisson's law. The calculated 
probabilities of appearance of flares are given in Table 25.2 
depending upoa the duration of the flight; it was assumed in cal- 
culations that the frequency of flares corresponds to Y = 0,03 
day”! for flares of type A and VY = 0.0011 day~! for flares of 
type B. 


It may be seen from Table 25.2 that in the case of space 
flights of duration more than 10 days, it is necessary to take into 
account the danger of the effect of proton beam, from manyrsdlar 
flares of type A, onthe astronaut. Thus, if a flight lasts for 
about 20 days, the probability that such a flare may not occur 
is only 55% while the probability of one flare is°33% and that of 
the two and three flares is 10% and 2% respectively. Obviously, 
while designing protection from protons for such flights, it is 
necessary to consider at least two solar flares of type A in the 
calculations of the protection. If, in this case, 50 rem is taken 
as the permissible radiation dose during the flights, the required 
thickness of aluminum protection is about 10 g/em2 in place of 
4 g/cn*, necessary for the protection from protons of One flare. 


The probability of exposure of astronaut to protons of not 
only two but of three or more flax s is significant in the case of 
space flights lasting for a few months. At the same time, the 
probability of the occurrence of solar flares of type B also be- 
comes Significant. It should, however, be mentioned that if 
probability of many flares of type A is taken into account inr 
calculations of the protection, i.e., if thickness is taken more 
than 10-15 g/cm4, radiation dose due to protons from a flare of 
type B is reduced to a great extent. 


Application of some "criterion of risk® can be another 
possible method of estimating radiation danger from protons of 
many solar flares. The 5% probability of exposure of astronaut 
to dose of more than 5 rem by limiting the probability of radiation 
dose more than 200 rem fo 0.5, was taken as such criterion by 
V.E. Dudkin et al. [161]. Onthe basis of the calculated average 
tissue doses and data of Table 25.2, it was found that a protection 
thickness of about 10 g/cm* is required for flights lasting, for 
example, up to 20 days. Thickness of 20 g/cm? is necessary for 
flights lasting, for example, for 100 days. 
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These data refer to the period of maximum solar activity. 
In the case of minimum solar activity, these data should be taken 
as upper limits. 


Changes in physical characteristica and quantitative compo- 
sition of the beam of particles during their passage through the 
protection, form the base of biological action of corpuscular 
radiation which includes protons of solar flares and the Earth's 
radiation belts. This, in its turn, assumes the significant 
person since basic part of the protons, which had overcome the 
protection, will have mean free path less than the effective 
dimension of human body. To this end, V.S. Morozov et al. 

[168] made an attempt under laboratory conditions to estimate the 
change in biological effectiveness during passage of heavy nuclei 
right up to the moment of their stopping. Mice, arranged in rows 
perpendicular to the axis of monochrornatic beam of protons with 
Ex = 120 Mev, were taken as the model of biological “cell® of 
living organism. They were exposed to 50 rad/min dose for 32 
minutes by proton-synchrotron at Dubna. Survival rate and 
average life of dead creatures at different moments after .- 
exposure were determined. Graphs of the dependence of life 
(at 30th day) and survival rate of mice on 5th day after radiation 
are given. As a result of this experiment, it was established that 
the physical protection under certain conditions can become a 
factorsaggravating the effect of cosmic radiation. 


Orbital flights and biological experiments make it possible 
to estimate the radio~biological conditions at altitudes of 180-320 
km. V.V.Antipov et al. [169] assume that during two-week flight 
to the Moon, the integral dose from primary cosmic rays, due to 
natural and artificial radiation belts of the Earth, goes up to 10 
rem inthe case of a protection of thickness 1-2 g/cm. Protons 
of a solar flare can be a source of Overexposure of astronaut. 
The probability of falling into a radiationally dangerous flare 
during flight to the Moon and back, lasting for 1 week, is equal 
to 16% for solar flare of the type August 22, 1958, 5.8% for 
flare of the type July 10, 1959 and 0. 3% for flare of the type 
February 23, 1956. A protection of thickness 3 g/cm* reduces 
integral dose during flare of the type August 22, 1958 to the 
Permissible level of 25 rem but physical protection from flares 
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of the type July 10, 1959 and February 23, 1956 still remains a 
technically unsolved problem. Danger of proton radiation must 
be reduced by modernizing the methods ‘Of forecasting a solar 
flare and by raising the stability of organisms of astronauts 
with the help of medicines. 


Measurements, taken by Watt [170], on the flux and spec~ 
trum of neutrons at sea level, during minimum solar activity at 
the observation post 55902'S, 3°21'W, give a value of 11.8+1.0 
rem/year as the power of equivalent dose of neutron radiation | 
in an insulated small! piece of biological tissue. The equivalent 
dose, obtained by a semi-infinite layer of biological tissue of 
thickness 20 cm on irradiating it by an isotropic beam of neutrons 
at sea level, changes from (6.2+0. 5) mrem/year on the tissue 
surface to ~ 3.5 mrem/year at a depth of 10 cm. The average 
surface dose Of neutrons, received by personnel of supersonic 
planes flying at an altitude of about 20 km over the region of 
polar latitudes, fluctuates within the range 0.20-0.40 mrem/hra 
depending upon the period of maximum or minimum solar cycle. 
The calculation results of doses are in agreement with the 
corresponding experimental values of doses, measured with the 
help of special neutron dosimeters. 


The problem of exposure of astronaut's organism in 
diving suit outside the spaceship is discussed in the work of 
Schaefer [171]. At low shielding (0.1-0.2 g/cm“), a-particles 
and heavy particles of solar corpuscular spectrum also become 
a source of radiation in addition to protons. Basing upon the 
analysis of composition and intensity of the flare of corpuscular 
radiation of November 12, 1960, it is concluded that the main 
action of corpuscular radiation is caused by a-particles up to 
a penetration depth of 0.5 cm in the organism tissue. 


The work of Levy and Janes [172] is of great interest in 
which principally new types of shields ~-magnetic and plasma 
shields-- are studied. 


“During flights along orbits near the Earth (excluding polar 
orbits), astronauts are protected from protons of solar flares : 
by the Earth's magnetic field. Inthe case of deeper penetration. 
in.cosmic space, a special protection of the crew of spaceship 
from solar protons is necessary. Layers of protective material, 
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magnetic or electrostatic field around the ship of plasma protec - 
tion can be used as sucha shield. The thickness of material 
shield from protons with €, = 30, 100 and 200 Mev corresponds 
te 1, 10 and 30 g/cm2 respectively. A detailed analysis of the 
weight of shield by magnetic field, generated by the electromag-~ 
net of superconducting material, shows that it is not less than the 
weight of material shield. Protection from protons by electro - 
static field is practically impossible due to‘large consumption of 
energy required for deflecting electrons, accelerated by this 
field, from the ship. The principles of electrostatic protection 
" from protons are combined in the plasma radiation protection 
with the magnetic field, created around the ship, in the form of 
a shield for electrons. The intensity of magnetic field, required 
in this case and the corresponding weight of the magnetic system 
are much less than those in the case of only magneticeshield 
from protons of solar flares, In the case of a toroidal ship, 
penetration of electrons through "holes" in the magnetic field, 
similar to the poles on the Earth, can be neglected completely. 
Crossed magnetic and electric fields are formed around the ship. 
The trajectories of electrons, trapped by them, have the formof 
spirals around the magnetic lines of force. The ship, having 
positive charge, in this case, will be surrounded by a cloud of 
electrons of equal charge. Basic parameters of plasma shield 
are estimated by assuming that electrical potential ona ship of 
maximum diameter 10 m has a value of 200,000 kv. From the 
condition of stability of magnetic field, minimum value of 
magnetic induction must be of the order of 2660 gauss. If 
current density in electromagnet of a superconducting material 
is 100,000 amp/cm2, its weight will be 550 kgf and the current 
will be equal to 2x10" amp. On considering the weight of 
cryogenic system (180 kgf), the total weight of the electromag - 
netic unit becomes 730 kg and power of the unit will be 36 kw. 


Works of Haffner [173], Vette [174], Dole [175], reviews of 
Admas and Mar [178], Shelton [179] and Keller [180] are also 
devoted to the problems of radiation safety. Im these works, 
basic aspects of the physics of interaction of charged particles 
with matter are discussed, methods of calculating a shield are 
described, doses are estimated, etc. Here, the total effect 
of the Earth's radiation belts, solar protons and galactic cosmic 
rays is usually considered. Limiting to the analysis of works 
on radiation danger only from solar cosmic rays, we have not 
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described the results, obtained in [173-180]. We have also not 
considered the results of numerous estimates of radiation doses, 
obtained during flights of Soviet and American astronauts. 


In the end, it should be mentioned that the current informa- 
tion on solar flares (frequency, spectrum of protons, angular 
distributions, etc.) is insufficient to correctiy explain radiation 
danger and the shield thicknesses required for the living 
compartments of spaceships. More investigations in this direc~- 
tion as well as elaboration of reliable methods of long-term 
forecasting, radiation warning and dosimetry are necessary. 


CONCLUDING REMARKS 


It can be concluded from previous Chapters that, by this: 
time, certain successes have been achieved in the study of solar 
cosmic rays: charge composition, energy spectrum and nature of 
distribution of solar particles in the interplanetary space have 
been explained in general terms; a relation between emiss ion of 
fast particles and radio and X -ray radiations of the Sun has been 
established; significant role of solar cosmic rays in some 
geophysical phenomena (especially, in the absorption of short 
radio waves in polar caps) has been shown; possible mechanisms 
of acceleration of particles on the Sun have been studied. 


However, details of the processes studied above remain 
unexplained in many respects. It is explained by dynamic nature 
of the object or investigation, insufficient accuracy of measuring 
equipment, methodica] difficulties, and by strong variability, 
with time and in space, of electromagnetic conditions on the Sun, 
in the interplanetary medium and in the Earth's surroundings, 


Special difficulties arise on studying processes associated 
with generation of fast particles and with their exit from the 
acceleration region. Owing to detection of protons with energies 
€, ~ 1 Mev, which exist in the interplanetary space during many 
revolutions of the Sun, there arises the problem to find satis- 
factory mechanisms of their continuous generation or prolonged 
emission. Inthe case of protons with €, > 1 Mev,duration 
and time variation of emission are very significant for their 
spatial-time distribution inthe solar'system. The problem of 
prolonged emission of solar particles of extremely high energy 
has been studied insufficiently. The problem of angular 
characteristics of a pencil of emitted particles has not been 
studied at all. In particular, the study of the possible dependence 
of flight angle on the particle energy is of great interest. The 
possible ejection of corpuscular beam owing to the pressure of 
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solar cosmic rays with their subsequent adiabatic cooling remains 
unexplained to a large extent. 


The problem of formation of charge and energy spectra of 
solar cosmic rays, in particular, the problem of acceleration 
‘of nuclei which are not completely ionized requires further 
investigation. 


In many cases, diffusion consideration of the motion of 
fast solar particles in the interplanetary magnetic fields is fully 
suitable for studying the general characteristics of the source of 
particles, their spectrum and properties of magnetic irregulari- 
ties. A more strict approach gives kinetic consideration which, 
in particular, facilitates the study of the initial anisotropic stage 
of flares of solar cosmic rays and determination of properties of 
irregular magnetic fields (mainly in the Earth's orbit) from the 
angular characteristics of the beams of solar cosmic rays. 
However, application of the kinetic model to the analysis of 
energy Spectrum of solar particles is still associated with great 
methodical and mathematical difficulties. 


The problem of the exit of solar particles from the limits 
of the solar ‘system is of great interest. This problem is 
associated with the possible existence of a semi-transparent 
magnetic barrier in the interplanetary space ata distance of 
2-5 a.u. from the Sun. ‘It is also not eliminated that scattering 
properties of the interplanetary fields weaken quickly on increas 
ing the distance from the Sun which is proved by the dependence 
of diffusion coefficient on distance, observed in a number of 
works. It is worthwhile to study the problem of exit of trapped 
particles from the semi-transparent trap of solar corpuscular 
beam. 


Great possibilities of experimental stuay of solar cosmic 
rays are, at present, opened owing to significant increase in the 
accuracy of ground equipment and development of techniques for 
direct measurements in the interplanetary space. Recording 
of solar particles in a wide range of energies during prolonged 
flights of cosmic probes along with the complex of ground 
measurements on cosmic rays and geophysical data facilitate 
the study of ‘fine structure" of the interplanetary magnetic: 
field. <A stationary, continuously -functioning automatic station 
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on the Moon's surface can provide very valuable information 
on solar cosmic rays. 


The problem of forecasting of solar flares in general and 
flares accompanied by strong flux of fast particles, in particular, 
has not yet been solved. It follows from this that reliable esti- 
mates of the thickness of protective shields are necessary for 
providing radiation safety to astronauts during prolonged flights 
to other planets of the solar system. Rough calculations, so 
far made on the basis of existing data, give extremely large 
thicknesses which make spaceships extremely heavy. To this 
end, there arises the problem of elaborating protection methods 
which could utilize parts of the ship (mobile shields, special 
radiation covers, fuel tanks, change in orientation of the ship, 
etc.) as the shield. Obviously, for this purpose, there is a 
necessity of new computations of harmful doses and shield 
thickness, based upon consideration of the peculiarities of 
propagation of solar cosmic rays change of their time varia- 
tions and energy spectrum. With the help of such data, special 
dosimetric apparatus responding to the rate of change of radia-~ 
tion intensity as well as programed units containing necessary 
‘information on permissible doses can help the crew of a space- 
ship in every concrete case to select the optimum variant of the 
shield. 
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